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phenyl ether in a number of solvents of different dielectric 
constant revealed that halogen migration, to form 2-allyl-4,6- 
dichlorophenol, proceeded somewhat better in highly polar 
solvents. However, a competitive reductive removal of halogen 
to form 2-allyl-6-chlorophenol occurred in the presence of 
oxidizable solvents and/or products. The reaction was also 
complicated by the catalytic effects of certain solvents and 
phenolic products. 

Rearrangement of allyl 2,6-dichlorophenyl ether in the 
presence of stannous chloride showed that this metal halide 
catalyzed the reaction as well as promoted halogen rearrange- 
ment. A competitive reductive removal of the halogen also took 
place, 

Results from the rearrangement of allyl 2,6-dibromophenyl 
ether in the presence of zinc chloride and of allyl 2,6-dichloro- 
phenyl ether in the presence of zinc bromide, showed that halogen 
migration and halogen substitution took place during these 
reactions. Possible mechanisms for these transformations are 


presented. 
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INTRODUCTION 


1. The Problem. 

Interest in the synthesis of 4-mercaptoindole (I) arose from 
the observation that the structurally analogous 6-mercaptopurine 
(II) has been successfully employed in the treatment of some 


forms of cancer (1, 2). Due to the 


eT 
close structural resemblance of 4-mercaptoindole to the chemo- 
therapeutic 6-mercaptopurine, it was felt that the former compound 
might also exhibit some anticarcinogenic properties. 

Although a synthesis of the 2=- and S-mercaptoindoles was 
described by Oddo and Mingoia in 1932 (3), no report, prior to 
the commencement of our work, existed in the literature con- 
cerning the preparation of benzene-ring substituted mercapto- 
indoles. It was thought of interest, therefore, to prepare the 
S-, 6- and 7-mercaptoindoles, as well as the 4- isomer, in order 


that they might become available for physiological testing. 


2.e General Methods for the Preparation of Indoles and Mercaptans. 


Two main structural features are required in the preparation 
of mercaptoindoles. One is that of formation of the indole ring 
System and the other of introduction of the mercapto (-SH) 
substituent at the appropriate position(s) in the benzene ring. 


A brief outline of methods which could be used to achieve these 
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two goals may be of assistance in understanding the present 


problem. 


A. Methods of Preparation of Indoles. 
Of the number of general methods available for the prepara- 


tion of indole and its derivatives, the synthesis discovered by 
Emil Fischer (4) has proven to be the most versatile. Fischer's 
synthesis involves the cyclization of phenylhydrazones of 

alkyl or aralkyl ketones, aldehydes, or keto-acids, and can be 


illustrated by the following general reaction: 


CHe-R" acid 
ou == | catalyst 


The direct preparation of indole itself from acetaldehyde 


phenylhydrazone by this method has not yet been accomplished (5). 
However, indole can be obtained by decarboxylation of indole-2- 
carboxylic acid, which in turn is prepared by Fischer cyclization 
of the phenylhydrazone of pyruvic acid (6). 

Although acidic catalysts, such as Zine chloride, stannic 
chloride, boron trifluoride, phosphoric acid, etc. are usually 
employed to effect the cyclization in the Fischer reaction, a 
number of phenylhydrazones have also been thermally cyclized 
to the corresponding indoles. Thus, Wolff (7) reported that 
distillation of acetophenone phenylhydrazone gave a small yield 
of 2-phenylindole. More recently, Fitzpatrick and Hiser (8) 
successfully cyclized several hydrazones by refluxing the latter 
in a high boiling solvent. For example, when the 2,5-dichloro- 
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phenylhydrazone of methyl ethyl ketone (III) was heated for six 
hours in refluxing ethylene glycol, a 66% yield of 4,7-dichloro-« 
2,3-dimethylindole (IV) was isolated. 
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EAE IV 

Indoles have also been obtained by thermal rearrangement 
of the corresponding phenylhydrazones in the presence of sodium 
hydroxide, with (8) or without (9) a solvent. The use of an 
acid catalyst in the Fischer synthesis is therefore apparently 
not essential if sufficiently high temperatures are used. 

The nature of the mechanism of the Fischer indole synthesis 
has been the subject of much research effort. Although a number 
of mechanistic schemes have been advanced, the proposal by 
Robinson and Robinson in 1918 (10, 11), extended by Allen and 
Wilson in 1945 (12), has proved to be the most satisfactory one 
in explaining the various facets of the reaction. This 
mechanism may be conveniently illustrated by the cyclization of 
acetophenone phenylhydrazone (V) to 2=phenylindole (VIII), and 
consists essentially of three separate stages: (a) hydrazone - 
enehydrazine equilibration (V ==VI); (b) formation of a new 
carbon-carbon bond (VI=>VII), via a dienone imine intermediate: 
(c) aromatization followed by cyclization and then loss of 
ammonia [by either route (1) or (44)]. 
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The scope of the Fischer indole synthesis is widened by 
the use of the Japp-Klingemann reaction (13) as an alternative 
method for the preparation of arylhydrazones. In this reaction, 
an aryldiazonium chloride is coupled with the sodium salt of a 
@-keto acid yielding an arylhydrazone through elimination of 


the carboxyl group, as exemplified in the reaction below. If 
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the carboxyl group in the keto =cid structure is protected 
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by esterification, the acyl group is eliminated rather than the 


carboxyl. 
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In attempting to produce mercaptoindoles by the Fischer 
indole synthesis from arylamines which already contained the 
mercapto substituent Brown and Kutney (14), in this laboratory, 
treated p-chloronitrobenzene with sodium sulphide, thus replacing 
the halogen atom by a mercapto group, with simultaneous reduction 
of the nitro group to the amine. However, the next step, 
involving diazotization of the amine followed by reduction of 
the diazonium salt, was unsuccessful since they were unable to 
isolate a pure phenylhydrazine. 

In 1912, Madelung reported that 2-methylindole (X) could be 
prepared by heating o-acetotoluidide (IX) with sodium ethoxide 


in the absence of air (15). Although, with the passage of years 
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this method of preparing indole derivatives has proven to be of 
limited general applicability, the Madelung reaction has been 
successfully applied to a number of N-acyl derivatives of 
o-toluidines. Tyson, for example, found that o-formotoluidide, 
with potassium t-butoxide as condensing agent, gave a 79% yield 
of indole (16). 

The mechanism of the Madelung reaction has received scant 
attention and is thus uncertain, 

Stephen (17) formed indole (XIV) by reduction of o-nitro- 
phenylacetonitrile (XI) with stannous chloride and hydrogen 
chloride in anhydrous ether, followed by decomposition of the 
reduction product (XII) by aqueous alkali. This reaction is 
actually an extension of Stephen's aldehyde synthesis, and one 
of the proposed intermediates in the present example was, in 


fact, o-aminophenylacetaldehyde (XIII). 
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XIV 
When phenacyl bromide (XV) is heated with an excess of 


aniline, 2=phenylindole (VIII) is formed in good yield. Further- 
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more, by limiting the quantity of aniline there may be isolated 
N=phenacylaniiline (XVi) which, when heated with aniline in the 
presence of aniline hydrohalide, yields 2-phenylindole (VIII). 
This reaction, first discovered by M&Shlau (18) and 
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extended by Bischler (19, 20) is the parent of a general class 
of reactions for the synthesis of substituted indoles from «=-halo, 
OX-arylamino, and a-hydroxy ketones. Although no completely 
generalized formulation can be given to this synthetic approach, 
it has been utilized for the preparation of a variety of indolic 
Substances. 

Reminiscent of the Madelung synthesis of indoles is that 
devised by Gluud (21). Heating o-formylphenylglyecine (XVII) 
with sodium acetate-acetic anhydride is stated to yield 80% of 


indole (XIV). 
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There are several methods for the preparation of indoles in 
which the hetero ring is formed by cyclization of a two-carbon 
chain in an o-aminophenyl compound. For example, Hk and Witkop 
(22) were able to obtain 7+(or 5~)benzyloxyindoles (XIX) from 
3~(or 5~)benzyloxy-o0,W-dinitrostyrenes (XVIII), respectively, 
by the Nenitzescu~van der Lee synthesis (23, 24). 
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Prebably the best known indole synthesis of this general 
type is the Reissert synthesis (25), which has been of value for 
the preparation of a variety of substituted indoles. This syn-~ 
thesis can be readily illustrated by Reissert’s original prepara-~ 
tion. Condensation of o-nitrotoluene (XX) with ethyl oxalate 
in the presence of sodium ethoxide affords ethyl o-nitrophenyl-= 


pyruvate (XXI). After acid hydrolysis 
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of the ester, the resulting o-nitrophenylpyruvic acid (XXII), is 
reduced with zine and acetic acid to the intermediate o-aminc« 
phenylpyruvic acid (XXIII) which undergoes cyclization with loss 
of water under the conditions of the reduction. The isolated 
product is thus indole-2-carboxylic acid (XXIV), which, when 
heated above its melting point, is decarboxylated to indole (XIV). 

The reduction of the intermediate o-nitrophenylpyruvic acid 
(XXII) can be carried out with zine in acetic acid (25), zinc 
amalgam and hydrochloric acid (26), ferrous sulphate and ammonium 
hydroxide (27) or sodium hydrosulphite (28). 

This method, as outlined above, is applicable, for the most 
part, to the preparation of indoles substituted in the aromatic 
ring. It involves, of course, the synthesis of the desired 
o-nitrotoluene with the substituent(s) in the proper position on 
the ring. For example, Blaikie and Perkin (29) prepared the 4-, 
d= and 7-methoxyindoles from the corresponding 6-, 5= and 3- 
methoxy-2-nitrotoluenes, respectively. 

In a study of various methods for the preparation of indole, 
Shorygin and Polyakova (30) found that the Reissert method gave 


optimum results. 


B. Methods of Preparation of Mercaptans, 


A direct introduction of a mercapto group into an organic 
molecule can be accomplished by the reaction of hydrogen sulphide 


(31) or sodium or potassium hydrosulphide with 
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alkylating agents such as alkyl sulphates, primary or secondary 
alkyl halides, or reactive aromatic halides. Thus, for example, 


° 


potassium hydrosulphide in propylene glycol at 175° converts 


2-bromopyridine (XXV) to 2-mercaptopyridine (XXVI) in 87% yield 


175. 
+k $ho— inka 


i So 
XXV XVI 
The reaction of thiourea with compounds containing 


sufficiently reactive halogens produces isothiureonium salts 


(XXVII) which can be hydrolyzed by base to the corresponding thicl. 
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Employing this method, Phillips and Shapiro (33) converted 
a-bromopyridine to 2=-mercaptopyridine. Recently, Reynolds and 
cc-workers (34) improved this procedure by preparing the S-alkyl- 
thiuronium salt in a high boiling solvent, followed by decomposi-. 
tion of this salt by a high boiling amine. The desired thiol was 
then conveniently separated by direct distillation from the 
reaction mixture. 

It should be emphasized that the above two methods require 
an alkylating (or erylating) agent which contains a reactive 
halogen. Simple aromatic halides, in which the halogen is not 
activated, do not form mercaptans by these procedures. Replace~ 


ment of the halogen in an aromatic halide by these metheds can 
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be accomplished only if there is present in the molecule an 
activating moiety, such as an ortho or para nitro group in the 
benzene ring, or the hetero nitrogen atom in pyridine. Thus, 
attempts by Haarstad and Brown (35) to directly displace nuclear 
bromine or chlorine in the benzene-ring portion of indole by the 
mercapto group by use of potassium hydrosulphide or thiourea in 
various solvents, were unsuccessful. | 

The replacement of an amino group by a mercapto group on 
an aromatic nucleus is effected by treatment of the diazotized 
amine (XXVIII) with potassium ethyl xanthate, followed by hydro- 
lysis of the intermediate aryl ethyl xanthate (XXTX) (36). 


Lithium aluminum hydride 


S 
| 
Westies O-- ook = S g 
@ _O 7 
~ 
0 


XXVIIT XXTX = Cols 


(1) KOH 
|@ Hz0© 
i + CoS + CoH50H 
SH 


reduction of the xanthogenic esters has improved the thiol yields 
considerably (37), but this procedure requires isolation of the 
ester prior to reduction, 

Direct application of this method to an aminoindole would 
subject the indole system to a strongly acidic medium in the 


diazotization step. vifficulties would therefore arise, since 
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indoles are known to yield dimeric and trimeric forms upon treat- 
ment with strong acids such as hydrochloric, hydrobromic, or 
phosphoric acids (38, 39). 

Aryl sulphonyl chlorides have been reduced to the corres- 
ponding mercaptans with zine dust and sulphuric acid (40) or tin 


and hydrochloric acid (41). Both alkyl and aryl sulphonyl 


R.S.0.5.C1 tH), RSH 


chlorides, upon treatment with lithium aluminum hydride, afford 
thiols in 40-50% yield (42). 

Since direct sulphonation of indole with pyridine-sulphur 
trioxide complex at temperatures below 50° gives the unstable 
indole=l-sulphonic acid, while the same reaction at higher 
temperatures (100°) yields indole-2-sulphonic acid (43), appli- 
cation of the above method in the preparation of mercaptoindoles 
would involve introduction of the sulphonic acid grouping into 
an appropriately substituted benzene-ring before cyclization to 
the indole system. 

The action of sulphur on a Grignard reagent, followed by 
hydrolysis, also results in the formation of mercapto compounds 


(44, 45). 
AP Me Kup —9—)or-AriS Me K OL Ar SH + MeX¢p 
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Since indoles react with Grignard reagents to form indolyl- 
magnesium halides (46), this reaction would not be directly 
applicable to the synthesis of mercaptoindoles. Attempted form- 
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ation of the Grignard reagent from 4-bromoindole, for example, 


would be complicated by reactions such as the one shown below, 


Mebr 
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Hence, one could not selectively replace, via Grignard preparation, 
the halogen atom in 4-, 5=, 6=, or 7-haloindoles by the mercapto 
group. 

Although many of the methods described above are not directly 
applicable to the synthesis of mercaptoindoles, it should be 
noted that they could indeed be employed to prepare a sulphur- 
containing aromatic compound which could then be cyclized to the 


corresponding indole. 


Se Previous Work on the Synthesis of Mercaptoindoles. 
Although a synthesis of the 2- and 3-mercaptoindoles was 


reported by Oddo and Mingoia in 1932 (3), the discussion here 
will be limited to the previous work concerning the preparation 
of the benzene-ring substituted mercaptoindoles. 

In the foregoing section concerning the methods of preparation 
of indoles and mercaptans, it was noted that a number of the 
methods described had been used in attempts to prepare mercapto- 
indoles, but had proved to be unsuccessful. However, since 
several methoxy-o-nitrotoluenes had been successfully condensed 
with ethyl oxalate and then cyclized to the corresponding methoxy- 


indoles (29) via the Reissert procedure (25), Haarstad and Brown 
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(35) investigated a similar approach for the synthesis of benzene- 
ring substituted mercaptoindoles, which involved the introduction 
of the sulphur moiety, in the form of a protected thioether, into 
a substituted benzene nucleus before cyclization to the indole 
structure. Application of this route would then involve, in the 
final step, cleavage of the thioether in order to produce the 
free mercaptoindole. Therefore, the choice of the benzylthio- 
ether as the sulphur-containing group appeared to be advantageous, 
Since benzyl phenyl thioether had been successfully cleaved with 
sodium to give a good yield of thiophenol (47). furthermore, 

du Vigneaud and co-workers reported facile debenzylation of 
S-benzyleysteine by sodium in liquid ammonia (48). 

This route was successfully applied by Haarstad and Brown to 
the synthesis of 5- and 6-mercaptoindoles (35). Thus, 2=nitro- 
p-toluidine (XXX) was diazotized and converted to the xanthogenic 
ester (XXXI) by means of potassium ethyl xanthate. Hydrolysis of 
the ester by ethanolic sodium hydroxide produced the sodium salt 
of 4-mercapto-2-nitrotoluene (XXXII) which was immediately benzyl- 
ated to prevent oxidation to the corresponding disulphide. The 
resulting 4-benzylthio-2-nitrotoluene (XXXIII), when treated with 
ethyl oxalate under basic conditions, afforded 4-benzylthio-2-nitro- 
phenylpyruvic acid (XXXIV) which, upon reductive cyclization with 
ferrous sulphate and ammonium hydroxide, yielded 6-benzylthio- 
indole-2-carboxylic acid (XXXV). Ccpper chromite catalyzed 
decarboxylation of the acid in quinoline produced 6=benzylthioindole 
(XXXVI). Reductive cleavage of the thioether by sodium in liquid 


ammonia afforded 6-mercaptoindole (XXXVII). 
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The 5=-<mercaptoindole was prepared by an analogous route to 
that described above (35). 

Continuing this work, Cushley and Brown (49) proposed a 
Similar route for the preparation of the 4=- and 7-mercaptoindoles, 

In attempts to synthesize the compound 6-nitro-o-toluidine, 
which was required for preparation of 6-benzylthio-2-nitrotoluene 
via the route indicated above, Cushley (49) found that published 
procedures gave unsatisfactory results, Thus, selective reduction 
of trinitrotoluene, reported to give 4-amino-2,6-dinitrotoluene 
(50), produced a substance which could be deaminated (51) only 
in very low yield. ‘The crude 2,6-dinitrotoluene obtained from 
this reaction failed to reduce satisfactorily to 6-nitro-o- 
toluidine either with ammonium sulphide (52) or by electrolytic 
means (53). 

A more direct route to 6-benzylthio-Z-nitrotoluene, the 
precursor of 4-mercaptoindole in the Reissert synthesis, became 
available when it was found (49) that potassium benzyl mercaptide, 
amore nucleophilic reagent than potassium hydrosulphide (54), 
successfully displaced the halogen of 6=bromo-2-nitrotoluene, 
especially if the reaction was carried out in dimethylformamide 
(55), thus affording the desired thioether in 40% yield. 

By subjecting the 6-benzylthio-2-nitrotoluene to a modified 
Reissert synthesis, Uushley (49) was able to obtain 4-benzylthio- 
indole-2-carboxylic acid. However, attempted decarboxylation of 
this acid by usual procedures proved to be unsatisfactory and he 
was unable to isolate pure 4-benzylthioindole. 


Regarding the preparation of 7-mercaptoindole by the route 
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deseribed above, UCushley (49) was able to obtain a small yield 
of the intermediate 3-benzylthio-2-nitrotoluene by treatment of 
S-amino-2-nitrotoluene in a manner analogous to that used by 
Haarstad and Brown (35) in the synthesis of 4-benzylthio-~-2-nitro- 
toluene. However, all attempts to condense the 3=benzylthio-2- 
nitrotoluene with ethyl oxalate failed. Several condensing agents 
such as sodium ethoxide, potassium ethoxide, and potassium 
t-butoxide, were employed in various solvents but no phenyl- 
pyruvic acid was isolated, 

Therefore, since the total synthesis of all the benzene-~ring 
substituted mercaptoindoles had not yet been accomplished, it 
was thought desirable to complete the preparation of the remaining 
unknown indolyl mercaptans, the 7=- and especially the 4=mercapto- 
indole, in order that they might become available for physiological 


testing. 
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RESULTS AND DISCUSSION 


Although, as noted in the introduction to this work, Cushley 
and Brown (49) had achieved only limited success in their attempts 
to prepare the 4- and 7-mercaptoindoles via the Reissert synthesis, 
it was decided to continue investigation of this general approach. 
It was hoped that introduction of appropriate modifications to the 
usual procedures used in the Reissert reaction would result in 
successful production of the two remaining unknown indolyl mer- 
captans, Accordingly, the isomeric $- and 6=benzylthio-2-nitro- 
toluenes which could then be subjected to an appropriately 
modified Reissert synthesis to give the 7= and 4=-mercaptoindoles 
respectively, were synthesized. 

The intermediate 6-benzylthio~2-nitrotoluene (XXXIX) was 
prepared in the manner described by Cushley and Brown (49). ‘Thus, 
displacement of the halogen atom of 6=-bromo-2-nitrotoluene 
(XXXVIII) by treatment with potassium benzyl mercaptide in 
dimethylformamide, gave the thioether in 26% yield. 


Br CH2SH S—CHe —CeHs 
=F K2093 


NOe N Oe 


XXXVITI XXATX 
There have been few reports in the literature concerning the 
preparation of benzyl mercaptan. Marcker (56) first prepared the 
thiol in 1865 by the action of alcoholic potassium hydrosulphide 


on benzyl chloride. keaction of benzyl chloride with sodium thio- 
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Sulphate (57) or of benzyl alcohol with thiourea in the presence 
of hydrobromiec acid (58) also results in the formation of the 
corresponding mercaptan. d4Ainner (59), employing an atmosphere 

of nitrogen or hydrogen sulphide, produced the thiol in 85% yield 
by causing benzyl bromide to react with potassium hydrosulphide. 
However, due to the relative ease of isolation and purification of 
the product, the method of Urquhart and co-workers (60) was 
adopted in our work. Thus, reaction of benzyl chloride with thio~ 
urea, followed by alkaline hydrolysis of the intermediate isothi- 
uronium salt, afforded benzyl mercaptan in 80% yield. 

Commercial benzyl mercaptan, which was obtained in the latter 
stages of this work, was also successfully employed in our 
reactions. 

The precursor to 7-mercaptoindole in the Reissert synthesis, 
S-benzylthio=-2-nitrotoluene, was obtained by the following route. 
Nitration of m-toluic acid (XL) by fuming nitric acid (61) gave 
a 41% yield of 2-nitro-m-toluic acid (XLI), which, by application 
of the Hunsdiecker reaction (62, 63), was converted in 49% yield 
to 3-bromo-2-nitrotoluene (XLII). Replacement of the halogen 
atom of the latter by the benzylthio group in an analogous manner 
to that employed in the synthesis of 6-benzylthio-2-nitrotoluene, 
gave the desired thioether (XLIII) in 86% yield. 
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The next step in the Reissert indole synthesis involved the 
base=-promoted condensation of the substituted toluenes with 
ethyl oxalate. 

Although the use of sodium ethoxide as condensing agent and 
ethanol as solvent was found to be quite satisfactory for the 
Reissert condensation of both the 4- and 5-benzylthio~-2-nitro-~- 
toluenes (35), application of these conditions to the 3= and 
6-benzylthio~2=nitrotoluenes gave only negligible amounts of the 
corresponding pyruvates. Accordingly, other conditions were 
sought which would effect these condensations. 

In 1924, Wislicenus and Thoma (26) reported that the use of 
potassium ethoxide as base, instead of the usual sodium ethoxide, 
as well as replacement of the usual alcohol solvent by anhydrous 
ether, resulted in much improved yields in the Reissert reaction. 
More recently, Snyder and co-workers (64) employed this technique 
to obtain a nearly quantitative yield of 5-bromo-2-nitrophenyl-= 
pyruvic acid from the corresponding o~nitrotoluene. 

Application of these reaction conditions to the 3=- and 6- 
benzylthio-2-nitrotoluenes, along with extended reaction times 
of several days at room temperature, permitted the isolation of 


the potassium enolates of ethyl 3- and 6-benzylthio=-2-nitrophenyl- 
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pyruvate, The 6-benzylthio-2-nitrotoluene required, at the 
maximum, Six days at room temperature to produce the enolate 
(XLIV) in 94% yield, while the 3-benzylthio-2-nitrotoluene gave 


the condensation product (XLV) in only 68% yield even after six- 
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The greater difficulty the 3- and 6-benzylthio-2-nitro- 
toluenes find in undergoing the Reissert condensation, as compared 
with the 4= and 5= isomers, might be attributed to the lower 
degree of activation which the methyl groups experience due to 
the ortho nitro groups. The requirement of a strong activating 
group in this reaction was shown by Reissert (25), who found that 
although the o- and p-nitrotoluenes, in which the nitro groups 
are in direct conjugation with the methyl groups, could readily 
be condensed with ethyl oxalate to give the corresponding pyruvic 
acids, m-nitrotoluene failed to undergo this transformation. It 
would thus appear likely that the benzylic carbanion (XLVI), which 
must be formed in the reaction in order to effect condensation, 
is stabilized by resonance with the ortho nitro group. The 


contributing structure (XLVII) would then involve coplanarity 


of the nitro group with the ring. 0 
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If coplanarity cf the nitro group with the benzene ring is 
responsible, at least in part, for the activation of the methyl 
eroup and subsequent removal of a proton by base to form the 
carbanion, it is readily seen that the groups in the two positions 
ortho to the nitro substituent in 3~benzylthio-2-nitrotoluene 
(XLIII) and the buttressing effect of the benzylthio group upon 
the methyl substituent in the 6=benzylthio-2—-nitrotoluene (XXXIX) 
would indeed cause a marked restriction to the coplanarity of the 
nitro group with the ring as compared with that attainable in the 
4-2 (or 5~)benzylthio-2=-nitrotoluene (XXXIII). In support of this 
view, it has been found (49) that the position of the character= 
istic absorption bands in the infrared spectrum of the nitro group 
in these nitrotoluenes resemble those for the aliphatic nitro 
group in nitromethane to a progressively greater degree in the 
order 3-benzylthio-2-nitrotoluene > 6~benzylthio~2-nitrotoluene> 
4-benzylthio=-2-nitrotoluene (see Table I). The order of apparent 
ease of condensation of these toluenes with ethyl oxalate is 
4—-benzylthio-2=-nitrotoluene » 6~benzylthio-2-nitrotoluene > 


S-benzylthio-2-nitrotoluene. 
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TABLE I 
Stretching Bands of the Nitro Group in the Infrared 


(CaLibrated with polystyrene, 6 258) 


stretching Bands, X 


Compound Asymmetric Symmetric 
o-Nitrotoluene 6,54 7 40 
4—~Benzylthio-2-nitrotoluene 6.935 7.40 
6—Benzylthio-2-nitrotoluene 6.92 Teal 
5-Benzylthio~2-nitrotoluene 6.50 7229 
Nitromethane 6.358 7.18 


It is also possible that the greater difficulty in the 
formation of the pyruvates in the case of the 3~ and 6-benzylthio-: 
a-nitrotoluenes than for the 4- and 5- isomers may be due, at 
least in part, to an unfavorable shift in the equilibria 


indizated below. 
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The requirement of a stronger base, such as potassium 
ethoxide, to shift the equilibrium to the right in equation (a), 
as well as application of ether as solvent, which causes pre- 
cipitation of the enolate (step c) is therefore understandable. 
It should be noted, however, that the relative solubilities of 
the enolate products might also partly account for ene order of 
apparent ease of condensation of these nitrotoluenes, since in 
our work, product yield alone indicates the overall ease of 
condensation. 

It was found that in attempts at converting the potassium 
enolate of ethyl 6-benzylthio-2-nitrophenylpyruvate to the 
pyruvic acid by hydrolysis with aqueous base, some 6-benzylthio- 
2-nitrotoluene was obtained. furthermore, when pure 4-benzylthio- 
2-nitrophenylpyruvic acid was left in a solution of 95% ethanol 
(from which the acid could be crystallized) for a period of four 
weeks at room temperature, the bulk of the pyruvic acid reverted 
to the corresponding toluene, a fact clearly demonstrating the 
reversible nature of the Reissert reaction. In view of these 
observations, it was decided to use the potassium enolates directly 
for the next step in the synthesis of the indoles, a procedure 
which had been successfully employed by Snyder and co-workers 


(64) in the case of the potassium enolate of ethyl 5-bromo-2-— 
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nitrophenyl pyruvate. 

The potassium enolates of ethyl 3-(and 6=)benzyithio-2. 
nitrophenylpyruvate were reductively cyclized using ferrous 
Sulphate and ammonium hydroxide (29, 65). Since both pyruvates 
were relatively insoluble in cold aqueous medium, best results 
were obtained when a hot solution of the salt in dilute ammonium 
hydroxide was added to a boiling suspension of ferrous hydroxide, 
thus also ensuring an excess of reducing agent throughout the 
reaction. It was found that the resulting indole-2-carboxylic 
acics were strongly adsorbed on the ferric oxide sludges obtained 
from the reduction mixtures and could be isolated only by 
repeated extraction of the respective sludges with boiling dilute 
ammonium hydroxide. 

Decarboxylation of the 4- and 7-benzylthioindole-2-carboylic 
acids by usual procedures proved to be very difficult. 

A number of methods have been employed to remove carbon 
dioxide from various substituted indole-2-carboxylic acids. 
Decarboxylations have been accomplished in the case of the 4-, 
o-, 6-, and 7-fluoroindole=2-carboxylic acids, in yields of 80, 
D2, S51, and 48% respectively, by Simply heating the substances 
above their melting points (66). The 4- and 6-chloroindole-=2- 
carboxylic acids required more vigorous treatment, but readily 
gave the decarboxylated products in 73 to 78% yield when they 
were heated with cuprous chloride in refluxing quinoline (67, 68). 
However, Barltrop and Taylor (69) were unsuccessful in their 
attempts to remove the carboxyl group from 4= or 6=bromoindole=~ 


e2-carboxylic acid by heating these compounds in refluxing quino- 
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line with or without catalysts such as cuprous bromide, cupric 
oxide, or copper powder. 

The variable and frequently poor results obtained in 
decarboxylation of the benzene-ring halogenated indole acids by 
Uhle’s method (67, 68) which involved heating the acids with 
cuprous chloride in refluxing quinoline, was found by Rydon and 
Tweddle (65) to be due to contamination of the acids by sulphate 
ion, stemming from the preceding ferrous ammonium sulphate 
cyclization step. These authors, after repeated washing of the 
acids with water to eliminate the sulphate ion, replaced the usual 
Cuprous chloride catalyst by copper chromite and were thus able to 
obtain consistently good yields of the 4-, 5-, 6- and 7-chloro- 
indoles from the corresponding indole-~2-carboxylic acids. 

Plieninger et. al. (70) reported 60% yields of the 4- and 
6-bromoindoles from the corresponding indole-2-carboxylic acids 
by mixing the latter with molten cuprous bromide followed by 
heating the fusion mixture in refluxing quinoline. Snyder and 
co-workers (64) obtained a 21+24% yield of 5-bromoindole by 
heating 5-bromoindole-2-carboxylic acid with a mixture of copper 
bronze and copper chromite, but only a very small yield of 
product when they attempted to decarboxylate the ammonium salt of 
the acid in glycerol. 

The successful removal of carbon dioxide from 5-iodoindole- 
2-carboxylic acid (71) by the quinoline=copper chromite procedure 
of Rydon and Tweddle (65) indicated that this was the most gener- 
ally satisfactory method reported in the literature for the decarb- 


oxylation of substituted indole-2-carboxylic acids. However, 
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when this method was applied to the 4— and 7-benzylthioindole- 
2-carboxylic acids, it was found that the acids were decarboxylated 
in very poor yield with simultaneous loss of some of the sulphur 
as hydrogen sulphide. Apparently decomposition of the compounds 
had occurred under these conditions, Accordingly, a route was 
sought which would provide not only improved yields, but also 
avoid loss of substituent in the case of the more sensitive 
sulphur-containing compounds. 

it has long been known that a carboxylic acid, heated with 
catalytic amounts of its copper salt, undergoes facile decarboxyl- 
ation. Thus, Dougherty (72) was able to obtain an 84% yield of 
benzophenone by heating o-benzoylbenzoic acid with a small amount 
of its copper salt. Application of this method to the decarb- 
oxylation of the 4=—- and 7-benzylthioindole-2-carboxylic acids in 
hot quinoline, resulted in a marked improvement in yields (80 and 
85%, respectively). Furthermore, the thioether linkages were not 
destroyed during the reaction. 

In order to determine whether this method was of general 
applicability in the decarboxylation of indole acids, a number 
of indole-2-(and =3-)carboxylice acids, which were available in 
this laboratory, were subjected to this reaction. The results 
showed that, in general, temperatures necessary to effect elim- 
ination of carbon dioxide were lower, and the times required to 
complete the reaction were far less, than those found for other 
methods eamlieeads Furthermore, the yields of the decarboxylated 
products were, in every case, considerably higher than those 


achieved by the copper chromite-quinoline method. This procedure, 
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therefore, appears to be of wider applicability than those 
previously reported in the literature. A summary of the results 
is given in Table II in which the copper chromite and copper salt 
methods are compared. 

The final step in the preparation of the 4= and 7-mercapto- 
indoles involved debenzylation of the corresponding benzylthio- 
indoles. Hughes and Thompson (73) reported that sitet eleayage 
of thioethers is accomplished as easily as is cleavage of oxygen 
ethers with acid, a fact no doubt due to the ability of sulphur 
to accommodate extra electrons in its outer shell, giving rise 
to RoeS” or ReS* species, which then dissociate. 

Since du Vigneaud and co-workers (48), successfully prepared 
cysteine from S-benzylcysteine by reductive cleavage of the thio- 
ether by sodium in liquid ammonia, their method was adopted. 
Treatment of a liquid ammonia solution of 4-benzylthioindole with 
small pieces of sodium, followed by isolation and purification of 
the crude product, afforded a 68% yield of 4-mercaptoindole. ‘he 
Substance was an oil at room temperature, but could readily be 
crystallized from Skellysolve B at dry ice temperatures. Similarly, 
7-mercaptoindole was obtained in 87% yield from the corresponding 
7-benzylthioindole. In each case, a positive Ehrlich test (74), 
along with infrared and analytical data, showed that the compound 
was indeed the 4-(or 7=-)mercaptoindole. 

The overall yield of 4-mercaptoindole in the synthesis 
described above, was 7.0% starting from the 6-bromo-2-nitro- 
toluene. Similarly, the 7-mercaptoindole was obtained in 13% 


yield from 3=bromo~Z-nitrotoluene. 
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The chart below gives a comparison of the melting points 


of the 4=, 5=, 6-, and 7-mercaptoindoles and their precursors 


in the Reissert indole synthesis. 


Compound 


6-Benzylthio-2-nitrotoluene? 


5-benzylthio-2-nitrotoluene® 
4-Benzylthio-2-nitrotoluene” 


3-Benzylthio-2-nitrotoluene” 


4-Benzylthioindole-2-carboxylic 
o-Benzylthioindole-2-carboxylic 
6-Benzylthioindole~2-carboxylic 


7~Benzylthioindole-2-carboxylic 


4-Benzylthioindole 
9-Benzylthioindole 
6-Benzylthioindole 
7-Benzylthioindole 


4-Mercaptoindole 
S-Mercaptoindole 
6-Mercaptoindole 
7-—Mercaptoindole 


acid 
acid 
acid 


acid 


Melting Point® 


102-103° 
55 .65D=57 ~ 
78° 
53-54. 


185-186 ° 
210.5-210'.5 - 
oO 


215 
165-166 © 


35-36 ~ 
74-75 ° 
106.5-107 
52-53 ° 


oil 
75-76 ° 
70=-71° 


57-58° 


a. The melting points of the 4- and 5-benzylthio-2- 
nitrotoluenes and of the 5= and 6- substituted 


indoles were taken from reference 35. 
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The 3=- and 6-benzylthio-2-nitrotoluenes were prepared 
from the 3- and 6-bromo-2-nitrotoluenes respectively, 
by treatment of the latter with potassium benzyl 
mercaptide in dimethylformamide (see page 33 of this 
thesis). 


The 4- and 5-benzylthio-2-nitrotoluenes were prepared 
previously by Haarstad and Brown (see reference 35). 
Thus, treatment of diazotized 2-nitro-p-toluidine with 
potassium ethyl xanthate, followed by basic hydrolysis 
of the xanthogenic ester gave 4-mercapto-2-nitrotoluene 
which was then benzylated to afford the 4-benzylthio-2- 
nitrotoluene. Similarly, 6-nitro-m-toluidine was con-~ 
verted to 5-benzylthio-2-nitrotoluene, 
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EXPERIMENTAL 


6=-Bromo-2=-nitrotoluene 

Bromination of o-nitrotoluene was carried out by a published 
procedure (75), as follows. A small amount of bromine was added 
to a flask containing a mixture of o-nitrotoluene (550 g., 4 moies) 
and iron filings (10 g.). After the resulting mixture had been 
warmed on a steam-bath and hydrogen bromide evolution had begun, 
bromine (720 g., 4.5 moles) was added slowly over a period of 
2 hours. When the reaction was nearly complete, the solution was 
heated on a steam=-bath until gas evolution ceased. ‘The cooled 
material was poured into pentane and the resulting solution washed 
several times with water, thrice with aqueous sodium bisulphite, 
and finally with water. After the pentane solution had been 
dried with anhydrous magnesium sulphate, the solvent was removed, 
affording a mixture of 6—bromo-Z=-nitrotoluene and 4-bromo-2-nitro- 
toluene, which was carefully fractionated under reduced pressure 
with a meter-length column containing stainless steel packing. 
The 6-bromo-2-nitrotoluene distilled over first (bop. 99-102° at 
3mm.) and solidified in the receiver. The next fraction 
(b.pe 102-108° at 3 mm.), which proved to be a mixture of the two 
isomers, was kept for later refractionation, The final fraction 
(bsp. 108-110° at 3 mm.) was pure 4~bromo-2-nitrotoluene, m. Pp. 
46-47°:; lit. m. p. 47°(52). Recrystallization of the crude 
6=bromo-2=nitrotoluene from ethanol containing a small amount of 
water gave 225 ge. (26%) of pure product, m. p. 41-42°: lit. 
maps setae). 7 
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2-Nitro~m-toluic Acid 

The method ot miller (61) was employed to prepare this 
compound. fuming nitric acid (200 ml.) was cooled to 0-5° and 
m-toluic acid (50 g., 0.37 mole) was slowly added. During the 
course of the reaction, the mixture was stirred constantly and 
the temperature was kept below 5° by means of external cooling 
with an ice-water bath. After all the acid had been added, the 
reaction mixture was stirred at 0-5° for an additional 30 
minutes. The solid was collected, washed thoroughly with water, 
air dried and crystallised from aqueous ethanol, affording 27 e. 
(41%) of 2=nitro-m-toluio acid, m. p. 220-222°; lit, m. p. 219~- 
220° (61). | 


Silver Salt of 2-Nitro-m-etoluio Agid 
To a solution of 2enitro-m=-tolulo acid (36.2 g., 0.8 mole) 


in hot ethanol (400 m1.) was added hot aqueous sodium carbonate 
(12 @-, O.41 mole, in 100 ml. of water), until the resulting 
solution was basic. Dilute nitric acid was then added dropwise 
until the solution was just acid to Litmus. Addition of a 
solution of silver nitrate (34 @., 0.8 mole) in 100 ml. of hot 
water resulted in the precipitation of the silver salt of &-nitro- 
m=toluie acid. The white solid was collected by filtration, 
washed thoroughly, first with water, and then with ethanol and 
finally air dried. The yleld was 49 eg. (85%), 


S=-Bromongenitrotoluens 
Published procedures (63) were followed to obtain this 


compound from 2=nitro-m-toluic acid via the Hunsdiecker reaction 


- {6 « 


elag Sxegeig od Levoiqme saw) (184 esesin se ae 
bas “E+O\ od Deoov sew-(ySm 008). biSe. tie a 
eit anicut .bebba vy iwofe amr telom Te.0 a 
bis yIsvcatence Roustee sav emcxin end Gonadal: 
antiovs laseedxe to acnent yo “8 woited tou eae 
add Dobbs nesd pad Olea edd (La tedtA ated: 4 


0& fenotelbhs ay tot *o-9 Ja bewstee saw, rare setae 
esaw déiw yidgvonodt Sedeaw ,Sedde {co aay bi foe emt netuata 


+3 78 gafbtotts fonsits Avosope dent pont cnatD Sna-betwh ata 
“91% .¢ o@ ght ;“SR8-088 .¢ sa ,btos eta 


anny + TG 


a 
‘. 


‘ ion BLO’. &.98) DBhee 2L0 LoS ~teo td dnW 8 to mméteted a or” 
Glaccdtac mithoo sywoeupa fed Sebbs saw (Lm OCR) UeaEeee ee r 
Bade {ewer odd Thong (setew to , fm OOF a2 peeks 
wotwqord hobbs neut osw bios otttla eouttu SOR 
oR SObetOBA .eomrdl oF Bhbs teu) sew 

dus Yo. lnm OGD) (elem a8 yaa 08) etntetn: J 
“VtiLainld to ¢lan cevtla ont Ys sotdatiqdeeny eft’ s 
OoLtertLt? yd betoelloe aaw Bites wouter alee 

tow Isnmcce ditw aette ban totew titWeNet Py 
88) aba na a 

ary ad 


ehiy alagdo. of bewottes tow. (0 
cay 


polvesot wacelieoul od¢ aby, 


> ~~" 
S 


=- O62 = 


(62). Bromine (27 g., 0.17 mole) was added slowly to a stirred 
suspension of the silver salt of 2-nitro-m-toluic acid (43.5 g., 
0.15 mole) in anhydrous carbon tetrachloride (350 ml.) at 25°, 
The resulting mixture was refluxed for 3 hours, during which time 
carbon dioxide was evolved. The cooled solution was freed from 
Silver salts by filtration, and the filtrate was washed first 
with aqueous sodium bisulphite, then with aqueous sodium 
bicarbonate, and finally with water. Removal of the carbon 
tetrachloride by distillation afforded a brown oil which, when 
steam distilled, yielded 16 g. (49%) of 3-bromo-2~nitrotoluene, 
Mewpe oy culitentis ere? (76) > 


Benzyl Mercaptan 
The method of Urquhart and co-workers (60) was employed to 


prepare this compound. Benzyl chloride (63 g., 0.5 mole) and 
thiourea (39 g., 0.5 mole) were added to 250 ml. of ethanol. The 
mixture was heated, with stirring, until the substances just 
dissolved and kept at this temperature for 24 hours. To the 
cooled reaction mixture was added a solution of 30 g. (0.75 mole) 
of sodium hydroxide in 300 ml. of water. The reactants were 
then heated until the precipitate just dissolved and the result- 
ing solution was stirred at this temperature for 6 hours. After 
the solution was thoroughly cooled and acidified with dilute 
sulphuric acid, it was extracted thrice with ether. The combined 
ether extracts were washed twice with water and dried over 
anhydrous magnesium sulphate. Removal of the ether gave an oil 


which, upon distillation, afforded 50 g. (80%) of benzyl mercaptan, 
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DePe 186-187° at 700 mm.; lit. bep. 193-195° at 760 mm. (59). 
In order to prevent oxidation of the product to dibenzyl 
disulphide, all steps were carried out under an atmosphere of 


purified nitrogen. 


6~-Benzylthio-2-nitrotoluene 


Powdered potassium carbonate (38.8 g., 0.28 mole) was 
stirred into 50 ml. of dimethylformamide containing 55 ge. (0.25 
mole) of 6-bromo-2-nitrotoluene. After addition of benzyl 
mercaptan (31.5 g., 0.25 mole), the stirred reaction mixture, 
kept under nitrogen, was heated for 4 hours at 50-55° and then 
stirred at room temperature for an additional 14 hours. The 
addition of an equal volume of water, followed by cooling of the 
reaction mixture to 0°, produced a yellow solid which was collected 
and triturated, first with dilute sodium hydroxide, and then 
with water. Crystallization from ethanol gave 17.5 ge. (26%) of 
yellow needles, m. p. 102-103°. 

Gale..for Cy4H),00NS: C, 64.86; H, 5.02; N, 5.41; S, 12.35. 
Found? C; 64.72" He Dee7' N, 5.58; S, 12.42. 


3-Benzylthio-2-nitrotoluene 
Following the same procedure outlined above, 17.0 g. (0.079 


mole) of 3-bromo-2-nitrotoluene afforded 17.5 g. (86%) of 3-benzyl- 
thio-2-nitrotoluene, m. p. 53-54°. 
Calc. for C14H)30eNS: C, 64.86; H, 5.02; N, 5.41; S, 12.35. 

Found :,.C,.64.56;.H,.5.48;-N,.5.27; S, 12.47. 
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Potassium Bnolate of Ethyl o=Benzylthio-2-nitrophenylpyruvate 
Potassium (4.7 g, 0.12 mole) was dissolved in 20 ml. of 


anhydrous ethanol. To this solution, diluted with 150 ml. of 

dry ether, was added 17.5 g. (0.12 mole) of ethyl oxalate, 
followed 15 minutes later by an anhydrous ether solution of 
3-benzylthio-2-nitrotoluene (26 g., 0.10 mole). A deep orange 
solution resulted which, when left at room temperature for 16 
days, slowly deposited the potassium enolate as an orange 
precipitate, The solid, collected and washed thoroughly with 
anhydrous ether and then air dried, weighed 27.0 g, (68% crude 
yield). This salt was used directly in the reductive cyclization 


step. 


Potassium Enolate of Ethyl 6-Benzylthio-2-nitrophenylpyruvate 
This salt was obtained in 94% yield from 6-benzylthio-2- 


nitrotoluene by the method described above. The reaction time 


in this case was 6 days rather than 16, 


7-Benzylthioindole-2-carboxylic Acid 


For best results, the usual reductive cyclization (36, 52) 
was modified as follows. A solution of the potassium enolate of 
ethyl 3-benzylthio-2-nitrophenylpyruvate (10 g., 0.025 mole) in 
hot (80°) 4N ammonium hydroxide (250 ml.) was added slowly with 
stirring to a boiling suspension of ferrous hydroxide. (The 
latter was obtained by the addition of 25 ml. of ammonium hydr- 
oxide, d= 0.90, to a boiling solution of ferrous sulphate hepta- 
hydrate, 45 2., 0.16 mole, in 300 ml. of water.) The resulting 


mixture was boiled for 90 minutes and then filtered. The ferric 
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oxide sludge was repeatedly extracted with boiling 2N ammonium 
hydroxide until acidification of an aliquot of the extract 
failed to precipitate the indolecarboxylic acid, The combined 
extracts were cooled to 5°, filtered, and washed several times 
with ether. Upon acidification of the solution with hydrochloric 
acid a solid appeared which, when dried, gave 2.2 ge. (31%) of 
7-benzylthioindole-2-carboxylic acid, m.p. 165-166°. 
Calc. for CygH,g02NS: C, 67,84; H, 4.59; N, 4,95; S, 11.31, 
Found: GC, 67.59; H, 4.75; N, 5.05; S, 11,54, 


4-Benzylthioindole-2-carboxylic Acid 
This compound was prepared similarly in 56% yield from the 


potassium enolate of ethyl 6-benzylthio-2-nitrophenylpyruvate, 

Purification as above gave a brown solid melting at 185-186°, 

Calc, for CygH130eNS: C, 67.84; H, 4.59; N, 4.95; S, 11,31. 
Found: ©, 67,84; H, 4,63; N, 4,96; S, 11.22, 


Copper salt of 7-Benzylthioindole-2-carboxylic Acid 


A stirred mixture of 7-benzylthioindole-2-carboxylic acid 
(2.83 g@., 0.01 mole), sodium carbonate (0,54 g., 0.005 mole), 
and water (100 ml.) was heated until the acid dissolved, Upon 
addition of a solution of cupric sulphate pentahydrate (1.26 é&., 
0.005 mole) in 50 ml. of water, the blue cupric salt of the 
indole-2-carboxylic acid precipitated. The solid was washed 
thoroughly with water, air-dried, and then given a final drying 


in a vacuum desiccator over calcium chloride. 
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Copper Salt of 4—-Benzylthioindole-2-carboxylic Acid 


This salt was obtained from 4-benzylthioindole-2-carboxylic 


acid by the procedure described above, 


7~Benzylthioindole 

A mixture of 7-benzylthioindole-2-carboxylic acid (2.83 g., 
0,01 mole) and its copper salt (0.25 g., 0.0004 mole) in 10 ml. 
of synthetic quinoline was heated under an atmosphere of nitrogen 
until carbon dioxide began to evolve, The mixture was kept at 
this temperature (210-215°) until gas evolution ceased (5 hours). 
The cooled solution was taken up in ether and the ether solution 
was washed several times with 1N hydrochloric acid, once with 
water, twice with dilute sodium carbonate solution, and finally 
with water. After the ether solution had been dried by anhydrous 
sodium sulphate, the solvent was removed, affording a solid 
which, upon crystallization from Skellysolve B, gave 2.05 ga, 
(85%) of 7-benzylthioindole, m. p, 52-53°, 
Calc. for C]S5H1SNS: 0, 75.27: H, 5.47; N, 5.85; S, 15.40. 

Found? ‘C,°76.563°H, 5,42: N, 5.95; 3S, 15.71. 


4-Benzylthioindole 


This compound was prepared from 4-benzylthioindole-2- 
carboxylic acid as described above, The reaction temperature 
was 205-210° and the time required to complete the decarboxyl- 
ation was 2.5 hours, From 2.83 ge, (0,01 mole) of the acid was 
obtained 1,90 g, (80%) of 4-benzylthioindole, m. p, 35-36° 


(from ethanol), 
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Cale. for Cy5H13NS: C, 75.273; H, 52473; N, 5.853 S, 13.40. 
Found: UC, 75.49; H, 5e42; N, 5.98; S, 15.36. 


4-Mercaptoindole 
Commercial anhydrous liquid ammonia (90 ml.) was placed in 


an Erlenmeyer flask surrounded by dry ice, After addition of 
4—-benzylthioindole (3.57 g,, 0.015 mole), small pieces of freshly 
cut sodium metal were stirred into the ammonia until a blue color 
of 5-10 minutes* duration was obtained. Excess sodium was then 
destroyed by ammonium chloride, added nae the blue color just 
disappeared. The reaction flask was kept stoppered as much as 
possible throughout the reaction to minimize absorption of carbon 
dioxide by the liquid ammonia. The flask was removed from the 
dry ice and the ammonia driven off under a blanket of purified 
nitrogen, giving a solid residue which was dissolved in freshly 
boiled and cooled distilled water. The resulting aqueous solution 
was washed several times with ether to remove any unreduced 
materials. Acidification at 0° gave a solid which was dried in 
a desiccator under vacuum over dry calcium chloride. The 
Substance was an oil at room temperature but could readily be 
crystallized from Skellysolve B at dry ice temperatures. Treat- 
ment of a dilute solution of the compound (in ethanol) with eacr 
drop of Ehrlich reagent (74) produced a deep violet color 
characteristic of indoles. Yield 1.5 g. (68%). 
Cale. for CoHyNS: C6, 64.39; H, 4673; N, 9.59; S, 21.49. 

Found: C, 64257; H, 409355 N, 9.493 S, 21.08. 
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7-Mercaptoindole 
Debenzylation of 3.3 g. (0.014 mole) of 7-benzylthioindole 


by the same procedure as described above, gave 1.8 g. (87%) of 
the pure mercaptan melting at 57-58. (from Skellysolve B). This 
compound also gave a positive Hhrlich test (74). 
Cale. for CgHyNS: C, 64.59; H, 4.73; N, 9.39; S, 21.49. 

Found: C, 64.25; H, 4.69; N, 9.31; S, 21.45. 


Physiological Tests with Mercaptoindoles 


To date, only 4-mercaptoindole has been tested for anti- 
carcenogenic properties and these tests have proven negative, 
Thus, subperitoneal injection of 4-mercaptoindole into rats 
infected with ascites cells failed to cause any regression, 

Futher tests with this compound and with the other mercaptoindoles 
are being carried out by Dr. V. B. Haarstad, New Orleans Medical 


School, New Orleans, U. S. A.. 
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INTRODUCTION 


1. The Problem 

In a paper published some time ago, Carlin and Fisher (1) 
pointed out the formal analogy which exists between the generally 
accepted mechanism proposed by Robinson and Robinson (2, 3) for 
the Fischer indole synthesis and that established to explain the 
Claisen rearrangement of allyl aryl ethers to the corresponding 
allylphenols (4-8), | 

The Fischer reaction involves the cyclization, usually acid 
catalyzed, of arylhydrazones to the corresponding indoles. The 
proposed mechanism (2, 3), which can conveniently be illustrated 
by the ring closure of cyclohexanone phenylhydrazone (I) to 
1,2,5,4-tetrahydrocarbazole (V), consists essentially of the 
following steps: (a) hydrazone-enehydrazine equilibration 
(I II); (b) formation of a new carbon-carbon bond, to give 
the dienone imine intermediate (III); (c) aromatization (III— IV); 
(ad) ring closure of IV, followed by loss of ammonia to afford the 


tetrahydrocarbazole (V). 
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The Claisen rearrangement of an allyl aryl ether which 
contains at least one unsubstituted ortho position results in 
the formation of the corresponding o-allylphenol. ‘The generally 
accepted mechanism (4-8) of this well known thermal rearrange-~ 
ment can be illustrated by the conversion of allyl phenyl ether 


(VI) to o-allylphenol (VIII), as shown below. 


~~ ‘ CH2CH = CH 
NCH iK He Cla 1gCH = CHe 
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Upon comparison of the two mechanisms described above, it 
is clearly seen that a distinct analogy exists between steps (b) 
and (c) of the Fischer indole synthesis and the two steps which 
have been proposed to explain the Claisen rearrangement to the 
ortho position. The intermediate dienone imine (III) in the 
Fischer reaction is formally similar to the proposed dienone 
(VII) in the Claisen rearrangement. 

In their original paper concerning the Fischer indole 
Synthesis, Carlin and Fisher (1) reported that the subjection of 


several 2,6-dichlorophenylhydrazones to the conditions of the 
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Fischer reaction in the presence of Zine chloride, with or without 
added solvent, led to the formation of small yields of the corres- 
ponding 5,7-dichloroindoles, products which resulted from the 
migration of one of the chlorine atoms. For example, when aceto- 
phenone 2,6-dichlorophenylhydrazone (IX) was heated with zinc 
chloride in the absence of solvents, or in the presence of nitro- 
benzene, o-nitrotoluene, phenol, or p-cresol, the only pure com- 
pound recovered from the reaction mixtures was 5,7-dichloro-2- 
phenylindole (X). The yields of product were generally low 
(7-25%), and the remaining portions of the reaction mixtures 


consisted of intractable tars, 
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The chlorine migration was shown to occur prior to the form- 
ation of the indole ring system, since the products were stable 
to the reaction conditions employed, and was found to be specific 
for dichlorophenylhydrazones with a 2,6-orientation of the halogen 
substituents (1). The products were identified by unambiguous 
Synthesis from the corresponding 2,4-dichlorophenylhydrazones. 
Subsequent work by Carlin and Larson (9) showed that upon 
treatment of acetophenone 2,6-dibromophenylhydrazone (XI) with 
anhydrous zine chloride in nitrobenzene at 170-180°, there was 
formed a mixture containing approximately equimolar amounts of 
5, 7-dibromo-2-phenylindole (XTI) and 7-bromo-5-chloro-2-phenyl- 
indole (XIII), along with a trace of 7-bromo-2-phenylindole (XIV). 
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Similar treatment of acetophenone 2,6-dichlorophenylhydrazone 


(IX) with anhydrous zine bromide afforded a mixture of 5,7- 


dichloro-2-phenylindole (X) and 5-bromo-7-chloro=2-phenylindole 


(XV), in approximately 1:3 ratic. No monohalogenated indole was 


found as a product in this case. 


Cl 


_ ° ZnBre y 
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ce Se 
Ix x XV 
These further studies showed that not only halogen migration 
(to form XII and X), but also halogen exchange (to form XIII and 
XV) and replacement of halogen by hydrogen (to form XIV) can 


occur under the appropriate conditions. 
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Although, as noted previously, there is a marked similarity 
between the mechanisms proposed for the Fischer reaction and the 
Claisen rearrangement, the conversions described by Carlin et. al. 
(1, 9), and summarized above, concerning the Fischer indole 
Synthesis, appeared to have no recorded analogy among examples of 
the Claisen rearrangement, although Carlin and Fisher (1) suggested 
that they might indeed occur but to such a small extent as to 
have escaped detection, 

It was felt that, since the Zinc halides appeared to be 
necessary for the halogen Shift and/or exchange in the indole 
Synthesis (1, 9), the application of these Lewis acids might 
catalyze the Giessen rearrangement as well as bring about similar 
transformations, Accordingly, it was thought to be of interest 
to undertake a study of the effect of zine chloride and Zine 


bromide on the rearrangement of allyl 2,6-dihalophenyl ethers, 


‘as well as to compare the results obtained from these reactions 


with those from the purely thermal rearrangement of these ethers. 


General Discussion of the Claisen Rearrangement 


Since the work presented in this thesis concerns the Claisen 
rearrangement, a brief discussion of this reaction may be of 
assistance in understanding the present problen. 

The Claisen rearrangement, which bears the name of its 
discoverer, was first observed (10) when ethyl O-allylaceto- 
acetate (XVI), upon subjection to distillation at atmospheric 
pressure in the presence of ammonium chloride, was converted to 


ethyl x-allylacetoacetate (XVII). Since phenol resembles the 
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enolic form of acetoacetic ester in acidity, Claisen examined 
the behavior of allyl phenyl ether (VI) under thermal conditions, 
and found that it rearranged smoothly at the boiling point to 
afford o-allylphenol (VIII) in high yield (11). 

CHeCH=CHe H 
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CHoCH=CHo 


VI Vibdal 
Since its discovery, a great many reports, as well as 
several reviews (5-8), have appeared in the literature concerning 
the Claisen rearrangement. Hence, the remainder of the present 
discussion will be limited to the presentation of a number of 
the more salient general features of the rearrangement of allyl 


aryl ethers, along with some specific aspects of the reaction 


which are directly pertinent to our work. 


A. The ortho Claisen Rearrangement 

Allyl aryl ethers in which at least one ortho position is 
unsubstituted, undergo smooth intramolecular rearrangement at 
high temperatures to yield the corresponding o-allylphenols. 
This reaction has proven to be quite general and has found many 


useful applications. 


wn 
tates otto oxi : 


eadoitinuas Iamitest webs. {2¥) Mesite tyaas cease 


ue ] 
at (T rr 4 t+ é + 
c Lag / liiog eng gs wititoo 
rt £ 
(ff) Ley 54 fi 
ees) 
{ 
~ a mi 9m aT 
Pl ‘ wal 
ij j j LY aaa 
{ Cennard asvike astaatcgelt 
; i ‘ ° 


{ise thats S&S eRe vonets pty oon 
bt J mi feitseqas aya ¢ (8r8) evietver, 
o% add ,sonem .dtie was 91 THOT per edt 
lo#tnese tq add of 5 vot nub ed Li 
Thust eit To @ (t8ot fenate er 
Biooqtes oi luave ‘emoy ssi ona 3 
WIOW BWo oJ oagdtey eke 

a > 
Ps Rig . oul 


o Jone! Jo noi gh ode Lee eel 
. ww 

LJcOlometids dloomw Gptehng —Gaeteres 
A _—T ie 


¢ 


3° hewe y ae Si 


nif hey Rap aiid Ofadyod) 


v 

7 ; 

lo t,aew-¢ wt op oe) OF 10 ve ‘ 
7 » , 2 f 


= 5@ = 


The intramolecular character of this ortho rearrangement 
has been demonstrated by the absence of cross products when two 
compounds involving different substituents are allowed to rearrange 
in the same reaction mixture. Thus, Hurd and Schmerling (12) 
found that when a mixture of cinnamyl phenyl ether (XVIII) and 
allyl $-naphthyl ether (XIX) was heated, the only products 
formed were o-(%-phenylallyl)phenol (XX) and 1-allyl-2-naphthol 
(XXT). If the reaction were intermolecular, some o-allylphenol 


would have been formed but this was not eae 


OCHg- CH=CH—CgHs5 
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Kincaid and Tarbell (13), in a kinetic study of the 
rearrangement of allyl p-tolyl ether, found that the reaction 
was strictly first-order over a fivefold change in concentration 
in diphenyl ether solution, and that the initial rate in the pure 
liquid was the same as the rate in diphenyl ether solution. 
These results also support the conclusion that the rearrangement 
is intramolecular. 

One of the interesting features of the ortho Claisen 
rearrangement of allyl aryl ethers is the fact that the carbon 
atom which becomes attached to the aromatic nucleus in the phenolic 


product, is not the one originally attached to the oxygen atom 
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of the ether, but rather the one in the ¥-position with respect 
to the oxygen atom. This inversion of the allyl group, which 

becomes apparent when substituents are present on either the &- 
or Y-carbon atom, was first noted by Claisen and Tietze (14) in 
the rearrangement of cinnamyl phenyl ether (XVIII) to 2-(x-phenyl- 


allyl )phenol (XX). More recently, Schmid and Schmid (15) have 
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> QAR LAL xX 
illustrated this phenomenon by appropriate labelling of the allyl 
moiety with radioactive carbon. Thus, rearrangement of allyl- 
(¥-cl4) p-tolyl ether (XXII) afforded 2-allyl -cl#)-p-cresol 
(XXIII) as the only product. 
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The above observations, taken as a whole, lend support to 
the now generally accepted mechanism originally proposed by Hurd 
and Pollack (4) for the ortho Claisen rearrangement. These 
authors suggested, as illustrated below, that the reerrangement 
of, for example, allyl phenyl ether (VI) must proceed through a 
cyclic transition state (XXIV), giving as the initial reaction 
product the dienone (VII), which then enolizes rapidly to afford 


o-allylphenol (VIII) as the final product. 
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The electronic nature and the stereochemistry of the 
transition state in the ortho Claisen rearrangement (XXIV) have 
been the subject of several recent publications. White and co- 
workers (16-19), as well as Goering and Jacobson (20), have 
attempted to establish more precisely the degree of bond breaking 
and bond forming and the amount of ionic character involved in 
the transition state by investigation of the effect of solvents 
and substituents on reaction rates. Several research groups 
(21-26) have been involved in studies to determine the exact 
geometry of the transition state. Walling and Naiman (27), as 
well as Brower (28), have attenpted to obtain an overall detailed 
picture of the transition state through measurement of the volume 
change of activation in the ortho Claisen rearrangement. 

Since our work regarding the Claisen rearrangement is con- 
cerned primarily with halogen migration in this reaction, and not 
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With the manner in which the allyl migration takes place, the 
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results obtained from the work mentioned above will not be 
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discussed here, 

Although the cyclic mechanism detailed above is primarily a 
description of the reaction and does not take into account the 
electronic nature and stereochemistry of the transition state 
(XXIV), it agrees well with the facts known about the rearrange- 
ment. The invariable occurrence of inversion of the allyl group 
in the ortho rearrangement is a necessary result of the cyclic 
form of the transition state. The first-order reaction kinetics 
are consistent with the idea that the rate-determining step in 
the reaction is the transformation of the ether to the dienone 
intermediate, followed by rapid aromatization to the phenol. 

Support for this kinetic pattern of the ortho Claisen 
rearrangement was presented recently by White and Wolfarth (29), 
who found that, within experimental error, the rates of rearrange- 
ment of allyl p-tolyl ether (XXV) and allyl p-tolyl-2,6-do ether 
(XXVI) were identical; that is, no isotope effect was operative. 


These results show that the breaking of the ortho carbon-hydrogen 


0 —CHp— CH=CH. 0—CHg —CH =CHe 
HY 2H 
~ 
CHz 
XXV XXVI 


bond is not kinetically important, and therefore, that the first 
step of the rearrangement, involving the conversion of the 


original ether to the dienone intermediate, is rate-determining. 
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B. The para Claisen Rearrangement 

Allyl aryl ethers in which both positions ortho to the ether 
grouping are substituted, rearrange upon heating to the correspond-~ 
ing p-allylphenol. For example, wher allyl 2,6-dimethylphenyl 
ether (XXVII) is heated at 172° for seven hours in an inert atmos- 
phere, there is formed 4-allyl-2,6-dimethylphenol (XXVIII) in 
greater than 85% yield (30). 


— CHg— CH=CHe ea 
CHg CHg coe CH CHg 
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CH2—CH—CHg 
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The kinetics of the Claisen rearrangement to the para 
position are quite Similar to those for the ortho rearrangement. 
Thus, a study of the rearrangement of allyl 2,6-dimethylphenyl 
ether revealed that the reaction is first-order both in solution 
and in the pure liquid (30). 

Although, as noted previously, the ortho Claisen rearrange- 
ment proceeds with inversion of the allyl group, no such final 
overall interchange is observed in the para rearrangement. That 
iS, in the latter reaction, it is the «-carbon atom of the allyl 
group in the ether which becomes attached to the benzene nucleus 
in the resulting p-allylphenol. Thus, for example, cinnamyl 
2-carbomethoxy-6-methylphenyl ether (XXIX) rearranges without 
inversion to yield the p-cinnamyl derivative (XxX) as the sole 
product (31). A more recent illustration of this non-inversion 


has been given by Schmid and co-workers (32), who reported that 
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EXIXK 20 
the rearrangement of allyl (yeot) 2,6-dimethylphenyl ether 
(XXXI) led to the formation of 4<allyl(¥-cl4)-2,6-dimethylphenol 
(XXXII) in 94% yield. 


Ls H 
7 CHoCH=CHo CHs CHs 
CHs CHs 168° 
* 
CHaCH =—CH»s 
XXXL XXATLI 


The observations discussed above support the proposal 
originally made by Hurd and Pollack (4) that the rearrangement 
of substituted allyl aryl ethers to the para position occurs by 
two consecutive steps - a shift of the allyl group with inversion 
to the ortho position as described previously for the ortho 
rearrangement, followed by another shift with inversion to the 
para position. The two inversions would then result in the 
observed overall non-inversion of the allyl moiety. 

This proposed mechanism can be conveniently illustrated by 
the rearrangement of allyl 2,6-dimethyl phenyl ether (XXVII) to 
4-allyl-2,6-dimethylphenol (XXVIII). Thus, the first step would 
involve conversion of the ether, through a cyclic transition state 


(XXXIII), to 6-allyl-2,6-dimethyl-2,4-cyclohexadienone (XXXIV) 
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which cannot acquire stability by enolization, and therefore 
undergoes further allylic rearrangement via the transition state 
(XXXV) to form a second dienone (XXXVI) which, upon rapid aromati- 


zation, affords 4-allyl-2,6-dimethylphenol (XXVIII). 
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An imposing body of evidence has been gathered for the 
intervention of the dienone (XXXTV ) as an intermediate in the 
para Claisen rearrangement (335-36). Possibly the most conclusive 
evidence was first reported by Conroy and Firestone (33), who 
found that allyl 2,6-dimethylphenyl ether (XXVII), when caused 
to rearrange in maleic anhydride, gave a small amount of Diels- 
Alder adduct, which, when heated, afforded the final rearranged 
product (XXVIII), as shown below. More recently, Kalberer and 
Schmid (36) reported a number of such reactions, in which several 


different dienone intermediates were trapped by means of a 


Diels-Alder reaction. 
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The preparation of the 6-allyl-2,6-dimethyl-2,4-cyclohexa- 
dienone (XXXIV) itself, by treatment of a suspension of the 
sodium salt of 2,6-dimethylphenol in benzene with allyl bromide, 
was accomplished by Curtin and Crawford (35) in 1957. ‘These 
authors aonme that when the dienone was heated to a temperature 
above 70°, it rearranged to afford a mixture of allyl 2,6-dimethyl- 
phenyl ether and 4-allyl-2,6-dimethylphenol, in a ratio of 
1:2.7. These results not only lend support to the proposed 
intervention of the dienone as an intermediate in the para Claisen 
rearrangement, but also indicate the reversible nature of the 
first step of the reaction, involving conversion of the original 


ether (XXVII) to the dienone intermediate (XXXIV). 
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This reversible formation of dienone intermediates in the 
para Claisen rearrangement has been demonstrated by a number of 
workers (34, 37, 38). Thus, for example, Schmid and co-workers 
(37) studied the effect of prolonged heating on allyl 4-allyl 
(¥-o14)-2,6-dimethylphenyl ether (XXXVII). When this ether was 
heated for twenty-four hours in diethylaniline at 168°, and then 
recovered, it was found that the radioactivity had become equally 
distributed between the Y-carbon atoms of the O- and C-allyl 


groups (XXXVIII), thus clearly showing the reversibility of the 


50% 

%* 
—CHaCi—CHs — CHy CH=CHe 

24 hours 

CHs —CH — CH —cy = CH 

2 se 2 CHa CH 5628 
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XXXVIT EXXVIIT 


various steps of the reaction leading to para rearrangement. 


C. The Acid-Catalyzed Claisen Rearrangement 

Although a great deal of work has been published concerning 
the thermal rearrangement of allyl aryl ethers, only a small 
number of investigations have been concerned with the effect of 
acidic reagents on this reaction. That the Claisen rearrangement 
might be catalyzed by acid was first shown by Tarbell and Kincaid. 
A kinetic study of the rearrangement of allyl 2,6-dimethylphenyl 
ether in diphenyl ether revealed that the addition of 1% and of 2% 


acetic acid increased the rate of the reaction 28% and 42% 
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respectively (30). 

Later observations disclosed that the rearrangement of 
allyl aryl ethers occurred at much lower temperatures, when Lewis 
acids were present, than those required for thermal reaction. 
For example, treatment of the allyl ether of guaiacol (XXXIX) 
with BFg+2CHzCOsH at 68° gave 38% eugenol (XL) as well as smaller 
amounts of guaiacol, 6-allylguaiacol and the allyl ether of 


allylguaiacol or eugenol (39). 


CHeCH = CHe E ee 
se Ciel; 
- OCHz BFg*2CH3C00eH 
68° 


CHoCH = CHe 
XXXTX XL 

Petropoulos and Tarbell (40) reported that treatment of a 
Solution of allyl phenyl ether (VI) in chlorobenzene at room 
temperature with aluminum bromide, resulted in the rapid formation 
of 1-(o-hydroxyphenyl)-1-(p-chlorophenyl)propane (XLII). This 
was explained by intramolecular rearrangement of the ether to 
o-allylphenol (VIII), followed by rapid isomerization of the 
latter to the propenyl compound (XLI), which then in turn reacted 
with the solvent in the presence of the Lewis acid to yield the 


propane derivative (XLII). 


Q —CHaCH = CHp OH OH 
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Boron trichloride also acts as a powerful catalyst in the 
Claisen rearrangement. Gerrard et. al. (41) reported that allyl 
phenyl ether, when treated with this Lewis acid at -80°, was 
converted exclusively to o-allylphenol. 

A more recent study by Fahrni, Habich and Schmid (42) showed 
that boron trichloride effected facile rearrangement in high yields 
(90-98%) of allyl phenyl ether to o-allylphenol, allyl p-tolyl 
ether to 2-allyl-p-cresol, allyl 2,6-dimethylphenyl ether to a 
mixture of 5-allyl-2,6-dimethylphenol and 4-allyl-2,6-dimethyl- 
phenol, and also allyl mesityl ether to $-allylmesitol. Further- 
more, Schmid and co-workers (43) reported that treatment of a 
chlorobenzene solution of cis-4-(p-tolyloxy)-2-butene-(1-c!*) 
(XLIIIZ) with boron trichloride at -35°, resulted in the exclusive 
formation of 3-(2-hydroxy-5-methyl phenyl )-1-butene- (4-cl4) 
(XLIV). This result not only shows the powerful catalytic effect 


of boron trichloride on this reaction, but also indicates that the 
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rearrangement, under these conditions, is strictly intramolecular. 
In view of these previous results concerning the effect of 
acids on the Claisen rearrangement, it appeared likely that the 
Lewis acids zinc chloride and Zine bromide would also exert a 
catalytic effect on the rearrangement of allyl 2,6-dihalophenyl 


ethers. 


D. The Thermal Claisen Rearrangement of Allyl 2,6-Dihalophenyl 
Ethers 

A number of reports have appeared in the literature concern- 
ing the effect of halogen substituents on the thermal Claisen 
rearrangement of allyl aryl ethers, 

Hurd and Webb (44) found that ethers such as allyl o-bromo- 
phenyl ether, allyl 3,5-dibromophenyl ether, and allyl 2,4-dibromo- 
phenyl ether, which have at least one unsubstituted ortho position, 
rearrange normally to afford the corresponding o-allylphenols. 
However, these authors (45) also reported that rearrangement to 
the para position goes poorly in the case of ethers which contain 
bromine atoms in the two ortho positions. Thus, allyl 2,6-dibromo- 
phenyl ether (XLV) gave, upon pyrolysis, what appeared to be a 
mixture of 2-allyl-6-bromophenol (XLVI) and 4-allyl-2,6-dibromo- 
phenol (XLVII), along with simultaneous evolution of hydrogen 
bromide. Since the authors reported that they could not achieve 
separation of the two phenols, no separate yields were given, 
although the overall yield of the phenolic product was 37%. In 


addition, a considerable amount of tarry material was formed. 
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That the ortho bromine atom may be replaced by the incoming 
allyl group was further established (45) by the rearrangement of 
allyl 2,4,6-tribromophenyl ether (XLVIII), since 2-allyl-4,6-di- 
bromophenol (XLIX) and 5,7-dibromo-2-methylcoumaran (L) were the 


reaction products. In addition, hydrogen bromide was again 


evolved. 
—CEpCH= CHy H : 
Br 7 A BL 2 CHeCH=CH» 0 CH 
~~ as + HBr 
B 
Br 
XLVIITLI XLIX Le 


Although coumarans are not usually formed in a strictly 
thermal Claisen rearrangement, the formation of the 5,7-dibromo- 
2-methylcoumaran (L) in the reaction described above is not 
Surprising, since hydrogen bromide is also produced in the 
reaction mixture. Acidic reagents such as hydrobromic acid are 
known to cyclize o-allylphenols to the corresponding 2-methyl- 
coumarans (14, 45). 

The thermal rearrangement of allyl 2,6-dichlorophenyl ether 
(LI) afforded similar results to those obtained from the Claisen 


rearrangement of the corresponding dibromo compound. Tarbell and 
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Nilson (46) reported that when the pure ether (LI) was heated at 
193-200° for ninety minutes, there was formed a mixture of 2-allyl- 
6-chlorophenol (LII) and 4-allyl-2,6-dichlorophenol (LIII), with 
Simultaneous hydrogen chloride evolution. ‘The reported yields 


of the phenols were 10% and 57% respectively. 
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Thus the main features of the thermal Claisen rearrangement 
of allyl 2,6-dihalophenyl ethers appeared to be (a) ortho 
rearrangement with simultaneous halogen elimination; (b) hydrogen 
halide evolution apparently accompanying step (a); (e) para 
rearrangement of the allyl group, with retention of the two 


ortho halogen atoms. 
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RESULTS AND DISCUSSION 


For the sake of clarity and convenience, this section of the 
thesis is appropriately divided into a number of parts, each 
dealing with a somewhat distinct phase of our work. 

The first part is concerned with a study of the zine chloride- 
catalyzed rearrangement of allyl 2,6-dichlorophenyl ether, and 
with a comparison of the results obtained from this investigation 
with those derived from the strictly thermal rearrangement of 
the ether. 

The second section deals with the thermal rearrangement of 
allyl 2,6-dichlorophenyl ether in various solvents. 

The results obtained from the rearrangement of allyl 2,6- 
dichlorophenyl ether in the presence of stannous chloride are 
presented in the third portion of this discussion. 

The fourth segment is involved with the presentation of 
possible mechanisms which could be involved an tne halogen 
migration which occurs during the zinc halide-catalyzed rearrange- 
ment of allyl 2,6-dihalophenyl ethers. 

Finally, in the fifth and last part, the results obtained 
from the zine bromide-catalyzed rearrangement of allyl 2,6-dichloro- 
phenyl ether and those from the zine chloride-catalyzed rearrange- 
ment of allyl 2,6-dibromophenyl ether, are presented. These 
results, as well as those given in the previous sections, are 
discussed in terms of the mechanisms proposed for halogen 


migration. 
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1. The Zine Chloride-Catalyzed Rearrangement of Allyl 2,6-Dichloro- 
phenyl Ether 


The first problem undertaken in our work was to determine 
the effect of zine chloride on the Claisen rearrangement of 
allyl 2,6-dichlorophenyl ether. In view of previous observations 
concerning the Lewis acid-catalyzed rearrangement of allyl aryl 
ethers (39-43), it was felt that the Lewis acid, zine chloride, 
should catalyze the rearrangement of allyl 2,6-dichlorophenyl 
ether, as well as bring about the migration of one of the chlorine 
atoms from the ortho to the para position, analogous to the 
findings of Carlin and Fisher (1) concerning the Fischer indole 
synthesis with 2,6-dichlorophenylhydrazones, 

The choice of a suitable solvent for our reactions was of 
importance, Since, in order to ensure sufficient solubility of 
the Lewis acids employed, the solvent would have to be of a polar 
nature or possess the ability for close association with the 
Lewis acid (e.g. benzene). Furthermore, a high boiling point was 
desirable in order that the reactions could be conveniently 
carried out over a wide temperature range. Nitrobenzene appeared 
to have these required properties, since it has been used 
extensively as a solvent for Lewis acids in the Friedel and Crafts 
reaction (47), and also has a relatively high boiling point (ils) 
This solvent proved to be satisfactory and. was employed throughout 
our work concerning the Zinc halide-catalyzed rearrangement of 
allyl 2,6-dihalophenyl ethers. 

The results obtained from the zine chloride-catalyzed 


rearrangement of allyl 2,6-dichlorophenyl ether in nitrobenzene 
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solution at various temperatures are summarized in Table I, 
page 67. s#xamination of these results reveal several distinct 


features of this reaction. 


(i) Catalytic Effect of Zinc Chloride 


The Lewis acid, zine chloride, exerted a catalytic effect 
on the rearrangement of allyl 2,6-dichlorophenyl ether, since 
the reaction could be carried out to completion at 140-145" 
over a period of twenty-four hours in the presence of zinc 
chloride, whereas in its absence, under otherwise identical 
conditions, about 40% of the original ether was recovered 
(compare #xpt. No. 2, Table I, page 67, with mxpt. No. 4, 

Table II, page 72). 

It is likely that this catalysis was brought about by the 
association of the Lewis acid with the oxygen atom of the ether 
(LI) to form the zine chloride-ether complex (LIV). It is also 
possible that the zine chloride could have associated with the 
double bond of the allyl group to form the complex (LIVa). 


These associations could then facilitate the formation of the 


dienone intermediate (LV). Cl eel 
~~ Zn 
- CHgCH= CHe 9 CH2CH— CHa 
cl cl Cl : 
ap PAclGhile yaaa 
EE 1 LIV 
CH2— CH N 
coe nlp CH)CH=CH 
cl clos cl eae 
—— | see Cl + ZnCl» 
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(ii) Ether Cleavage 


A certain amount of ether cleavage occurred during the 
reaction of allyl 2,6-dichlorophenyl ether with zine chloride. At 
lower temperatures (140-160°) approximately 4% of the total 
phenolic product was the cleavage material, 2,6-dichlorophenol, 
while at higher reaction temperatures (180°) the amount of cleavage 
product increased to 16% (Expt. Nos. 1-4, Table I, page 67). 

The formation of 2,6-dichlorophenol in this reaction is not 
surprising, Since it is a well known fact that ethers cleave when 
treated with Lewis acids (48). For example, Hughes and Thompson 
(49) reported that the treatment of anisole with aluminum chloride 
at 100° for two hours gave a quantitative yield of phenol and 
methyl chloride. Thus, the occurrence of 2,6-dichlorophenol (LVI) 
in our reactions can readily be explained by the association of 
the zine chloride wen the allyl 2,6-dichlorophenyl ether (LI) to 


give the complex (LIV), which then cleaves in the usual manner, 


as shown below. 4nClo 
CH CH=CH, a7 CH2 CH=CH 
Cl Ze it C Cl 
— a. 
| + ZnCloe 
SS 
LI LIV 
ZnClo a2n—Cl 
Co” Or 
ee a CH. —CH=CH align os 
2 A ee + CHp =CHCHeCl 
hydrolysis 
OH 
Cl Cl 
Nes | 
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The exact fate of the allyl group in this cleavage reaction 
was not investigated, but it is very likely that allyl chloride 
Was produced, analogous to other Lewis acid-promoted ether cleavages 


(48). 


(iii) Chlorine Migration 

As in the case of the Fischer cyclization of 2,6-dichloro- 
phenylhydrazones (1), chlorine migration also occurred during the 
zine chloride-catalyzed rearrangement of allyl 2,6-dichlorophenyl 
ether (LI) in nitrobenzene at 140-160°, since the products, in 
addition to the relatively small amount of ether cleavage product 
(LVI), were 2-allyl-4,6-dichlorophenol (LVIII) (88-91%) and 5,7- 


dichloro-2-methylcoumaran (LIX) (4-8%). Higher reaction temperatures 


O= Bae 
C cl Ol CH eCH=CH 
_ma012, ce a ie 
CeFghOa 
at LVI art 


enhanced the formation of the coumaran (Expt. Nos. a, Table: a, 
page 67) and it was shown that the yield of coumaran increased at 
the expense of the 2-allyl-4,6-dichlorophenol (Expt. No. 4, 

Table I, page 67). 

The cyclization of o-allylphenols to the corresponding 
2-methylcoumarans by acid catalysts such as pyridine hydrochloride 
(50), hydrobromic acid-acetic acid (14, 45), or formic acid (51) 
is well known. Thus, for example, Claisen and Tietze (14) prepared 
2-methyl-3-phenylcoumaran (LVII) in 86% yield by heating 2-(x-phenyl- 


allyl)phenol (XX) in a boiling mixture of acetic acid and hydro- 
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bromic acid for one hour. 


(ae OH HBr - HOAc _, Sc a 
| 
S CH — CH =CHip A CgHs 


Ce 
joe ere LVII 


The formation of 5,7-dichloro-2-methylcoumaran (LIX) in our 
reactions is therefore readily understood, and must have resulted 


from the zinc chloride-catalyzed ring closure of 2-allyl-4,6-di- 


chlorophenol (LVIII). Cl 
C Zncle Cis 
OH ee 
VAX G1 
Cl CHaCH= CHo 
LVIII LIX 


Product analysis in the work described above was carried out 
by means of vapor phase chromatography (v.p.c.). The products 
were identified by comparison of their v.p.c. retention times with 
those of authentic samples, as well as by their isolation from the 
reaction mixtures and comparison of their infrared and nuclear 
magnetic resonance spectra with those of the authentic compounds. 
Thus, for example, careful fractionation of the reaction mixture 
from experiment number 4, Table I, page 67, permitted the isolation 
of all three products indicated. The coumaran was found to be 
identical in all respects with the compound obtained by ring 
Closure of 2-allyl-4,6-dichlorophenol according to Claisen's 
general method (14, 45). Thus, when the dichlorophenol was heated 
in a boiling mixture of hydrobromic acid and acetic acid, 5,7- 
dichloro-2-methylcoumaran was formed in 48% yield. The same reaction 
occurred when the dichlorophenol was heated with zinc chloride in 


nitrobenzene (Table I, footnote b, page 67). 
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Attempted extraction of the phenolic products from ethereal 
solutions of the reaction mixtures with Claisen's alkali (52), a 
procedure employed in a recent report concerning the Claisen 
rearrangement (21) (although generally Claisen alkali extractions 
are made from hydrocarbon solvents (53)) still left a considerable 
portion of the 2-allyl-4,6-dichlorophenol in the neutral fractions. 
In fact, synthetic mixtures of 2-allyl-4,6-dichloropnenol, diethyl 
ether and diphenyl ether, extracted three times with Claisen's 
alkali, also gave incomplete separation of the phenol, although 
phenol extraction from this medium was somewhat better than that 
from the nitrobenzene-ether solvent. Accordingly, to avoid such 
loss of phenol, alkaline treatment was omitted and v. p. c. 
analyses were performed, quite satisfactorily, directly on samples 
of the total reaction mixtures. This procedure was employed 


throughout our work, 


Thermal Rearrangement of Allyl 2,6-Dichlorophenyl Ether 


In order to achieve a direct comparison of the results 
obtained from the zine chloride-catalyzed rearrangement with those 
derived from the thermal rearrangement of allyl 2,6-dichlorophenyl 
ether, the thermal reaction of this ether was examined. 

The results of this investigation, which are tabulated in 
Table II, page 72, clearly show that the thermal rearrangement of 
allyl 2,6-dichlorophenyl ether afforded a mixture of reaction 
products much different from that obtained from the rearrangement 
of the ether in the presence of Zine chloride. 


As noted in the introduction to this work, Tarbell and Wilson 
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(46) reported that pyrolysis of pure allyl 2,6-dichlorophenyl 

ether at 193-200° for ninety minutes resulted in the formation 

of a mixture of 2-allyl-6-chlorophenol and 4-allyl-2,6-dichloro- 
phenol, with the latter predominating very largely. Our repetition 
of this experiment disclosed that there was formed, in addition 

to these two compounds, a small amount (2%) of 2-allyl-4,6-dichloro- 
phenol, obviously produced by chlorine migration from the ortho 

to the para position (Expt. No. 1, Table II, page 72). 

When nitrobenzene was employed as solvent in the thermal 
rearrangement of allyl 2,6-dichlorophenyl ether, the amount of 
2-allyl-4,6-dichlorophenol Mereasea to 8%. The yield of 2-allyl- 
6-chlorophenol was also increased (Expt. No. 2, Table II, page 72). 
The addition of lithium chloride to the nitrobenzene solution 
further enhanced both the amount of halogen migration product 
(11%) and halogen elimination product (Expt. No. 3, Table II, page 
72), although no catalysis of the disappearance of the original 
ether appeared to occur (Expt. Nos. 4 and 5, Table II, page 72). 

| These results indicate that halogen migration can occur to 
Some extent even when zinc chloride is not present, and is assisted 
in the purely thermal rearrangement by a polar reaction mediun. 

The formation of the products in the thermal rearrangement 
of allyl 2,6-dichlorophenyl ether can be explained by the following 


reaction scheme, 
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The first step was the thermal transformation of the ether 
(LI), via route a, to the dienone (IV), which then, in turn, 
underwent three competitive reactions. The first (route b), 
which must have involved oxidation of some component of the 
reaction mixture, such as reactant, products, or solvent, resulted 
in the reductive elimination of the allylic chlorine to form the 
reduction product 2-allyl-6-chlorophenol (LII). The second was 
the allylic migration of the chlorine from the ortho to the para 
position (route c), resulting in the formation of the dienone 
(LX), which aromatized rapidly to the chlorine migration product, 
BPaingn=2se-Aachiersphenol (LVIII). The final transformation of 
the dienone (LV) was that of para rearrangement of the allyl group, 
via route d, to give the dienone (LXI), which, upon enolization, 
afforded the para rearrangement product, 4-allyl-2,6-dichlorophenol 
(LITE) ¢ 
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Comparison of the Thermal Rearrangement with the Zine Chloride- 
Catalyzed Rearrangement of Allyl 2,6-Dichlorophenyl Ether 


A clue as to the manner in which chlorine migration takes 
place in the zine chloride-catalyzed rearrangement of allyl 2,6- 
dichlorophenyl ether can be obtained by a comparison of the 
results from the thermal rearrangement of the ether (Table II, 
page 72), with those from the Lewis acid-catalyzed reaction 
(Table I, page 67). 

Since the thermal reaction in the presence of lithium chloride 
gave, under otherwise identical conditions, only a small increase 
in the amount of halogen migration product (11%, Expt. No. 3, 

Table II, page 72) over that obtained without the chloride (8%, 

Expt. No. 2, Table II, page 72), it appears that there was 

little or no participation of the lithium chloride in the formation 

of the chlorine migration product via reaction with the dienone 

(LV) as indicated below. Indeed, the small increase in the 

) 0 
cl BI else Ci CHpCH=CH» 


al 
icl 
— + L 


fici® H CL 
LV 
amount of halogen migration could have been caused entirely by 


an increase in the polarity of the reaction mediun. 
Let us now consider the zinc chloride-catalyzed rearrange- 
ment. In view of the fact that the addition of zine chloride to 
the reaction mixture resulted nearly exclusively in the formation 
of chlorine migration product (96%, Expt. No. 2, Table I, page 67) 


while the addition of lithium chloride made very little difference 
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to the amount of halogen migration, it appears that the Lewis 
acid participated directly in the migration by original 
association with the allylic chlorine atom of the dienone (LV), 


as shown below. Support for this view is also given by the fact 


0 O 
Cl CH2CH = CH Cl. HecH =cHe . 
a —— aye elicit 
“nel, 
LV ist GL 


that in the zine chloride-catalyzed rearrangement there occurred 
no reductive removal of the halogen to form 2-allyl-6-chlorophenol, 
and no para rearrangement of the allyl group to form 4-allyl-2,6- 
dichlorophenol. Thus, the only reaction which the dienone (LI) 
underwent in this case was that of halogen rearrangment. This 
shows that the zine halide, in order to exert this marked 
control over the reaction of the dienone, must become associated 
with the allylic chlorine avons oe 
} In view of the above observations, the manner of formation 
of the products obtained from the zine chloride-catalyzed 
rearrangement of allyl 2,6-dichlorophenyl ether (LI) can be 
summarized by the following scheme. 

AnCl 2 


OSE — CHp O-CH CH = CH 
CL Cl C Cl 
+ 4ncl, ——} 
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The zine chloride-allyl 2,6-dichlorophenyl ether complex 
(LIV) cleaved in the usual manner (48) via route a to form 2,6- 
dichlorophenol (LVI). Simultaneously there occurred a preferential 
intramolecular rearrangement of LIV by route b to form the inter- 
mediate dienone (LV), which then underwent chlorine migration to 
afford a second dienone (LX). Although this migration could 
have occurred to a small extent by a simple allylic shift of the 
halogen (route ad) since this transformation also took place in 
the purely thermal rearrangement, it probably occurred chiefly 
through a participation by the zinc chloride (route c). Aromati- 
zation of the dienone (LX) gave the 2-allyl-4,6-dichlorophenol 
(LVIII) which, depending on the reaction conditions, partly 
cyclized to 5,7-dichloro-2-methylcoumaran (LIX) in the presence 
of the Lewis acid. 

Although it now appears quite clear that the zinc chloride 
does participate in the halogen migration in this reaction, 
nothing has as yet been said concerning the exact manner in 
which the halogen rearrangment takes place after the association 
of the Lewis acid with the allylic chlorine. A detailed discussion 
of the possible mechanisms which could be involved in the zine 


halide-assisted halogen migration will be given later, 


The Thermal Rearrangement of Allyl 2,6-Dichlorophenyl Ether in 


Various Solvents 
As noted in the foregoing section of this discussion, the 
thermal rearrangement of pure allyl 2,6-dichlorophenyl ether gave, 


in addition to the previously reported products, 2-allyl-6-chloro- 
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phenol and 4-allyl-2,6-dichlorophenol (46), a small amount (2%) 
of 2-allyl-4,6-dichlorophenol, which obviously resulted from 
migration of chlorine from the ortho to the para position of the 
benzene nucleus. Furthermore, the amount of chlorine migration 
increased to 8% when the rearrangement was carried out in nitro- 
benzene solution, and was still further enhanced (11%) by 
application of nitrobenzene-lithium chloride as the reaction 
medium. These results indicated that the reaction leading to 
the halogen migration product was assisted by a polar reaction 


medium, and that the process was of an ionic nature, as shown 


below. 
sa ek ¢ 
9cH= “eae cl J CH2eCH=CHo 
CHaCH=CHs Cl CHeCH=CHo 


It was thought to be of interest, therefore, to investigate 
the effect of polarity of solvent on the extent of halogen 
migration in the thermal rearrangement of allyl 2,6-dichlorophenyl 
ether. Hence, the rearrangment of this ether was carried out in 
a number of solvents whose polarity, as indicated by their 
dielectric constants, differed widely. The number of solvents 


was, of course, necessarily limited to those of suitable physical 
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TABLE IV 


Variation of the Dielectric Constants of Various 


Organic Liquids with Temperature 2 
Dielectric 
Substance Jonstant Temperature (°C) 

Chloroform 4.8 20 
Sew 100 

Seo 140 

29 180 

o-Chloronitrobenzene 38 50 
oye 80 

27 110 

24 140 

22 163 

m=-Chloronitrobenzene AL 96) 
18 80 

16 LO 

14 140 

iS 160 

Chlorobenzene De i7, 20 
D5) 25 

4.2 130 

Nitrobenzene 54.8 25 
24.9 90 

corel ©, 

AOS 150 

Aniline 6.9 20 
Dee) 70 

4.5 184 

Benzonitrile 25 25 
24 40 

22 70 


a. Values cited in this table were taken 
from A. A. Maryotte and &. R. Smith. 
Table of dielectric constants of pure 
liquids. Natl. Bur. Standards Circ. 
D4. 6. 5 lO Dil. 
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characteristics and chemical inertness, since, in order for the 
rearrangement to be carried out conveniently, the solvents had 
to possess a sufficiently high boiling point. The results 
obtained from this study are summarized in Table III, page 8&0. 

Although the dielectric constants of the solvents employed 
have not been measured at the temperature of our reactions and 
although the decrease of dielectric constant with increasing 
temperature is somewhat different for different liquids, it is 
reasonable to assume that the relative dielectric constants, and 
hence the relative polarities, of a number of solvents would be 
roughly the same at 175-185° (the temperature of our reactions) 
as they are at 20-25° (the temperature at which dielectric 
constants are usually measured). Some support for this view 
is obtained by comparison of the dielectric constant values of 
several organic liquids at various temperatures (54, 55) (See 
Table IV, page 82). 

The various products formed during the thermal rearrangement 
of allyl 2,6-dichlorophenyl ether in different solvents were 
2,6-dichlorophenol, the result of cleavage of the original ether, 
2-allyl-6-chlorophenol, resulting from ortho rearrangement of the 
allyl group with simultaneous reductive chlorine elimination, 
2-allyl-4,6-dichlorophenol, stemming from ortho rearrangement of 
the allyl group along with an allylic chlorine migration from 
the ortho to the para position, and finally 4-allyl-2,6-dichloro- 
phenol, produced by normal para rearrangement of the allyl 
moiety. For reasons of clarity, the formation of each of these 


products will be discussed separately. 
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(i) Formation of the Ether Cleavage Product, 2,6-Dichlorophenol 


When allyl 2,6-dichlorophenyl ether was caused to rearrange 
in the solvent phenol at 175-180°, 10% of the total product of 
the reaction was the ether cleavage material 2,6-dichlorophenol 
(Expt. No. 5, Table III, page 80). The fact that the formation 
of this product is, as shown previously, characteristic cf the 
Zine chloride catalyzed rearrangement of the ether, indicates 
siness ween. not only catalyzes the Claisen rearrangement, as has 
been demonstrated by Goering and Jacobson (20), but also acts in 
a manner somewhat similar to that of a Lewis acid. Support for 
this conclusion is obtained from the observation that in our 
reaction there was also formed 5% of 7-chloro-2-methylcoumaran 
(LXII), obviously obtained by ring closure of 2-allyl-6-chloro- 
phenol (LII), a purely acid-promoted reaction, 


OH C1 


ae CHpCH=CHy 0. Hg 
Gg H50H 


ZS 
LIL LXTI 
In both N,N-diethylformamide and N-methylformamide, the 
cleavage product also occurred (8% and 6% respectively, Expt. Nos. 
7 and 10, Table III, page 81), but unaccompanied by coumaran 
formation. A great deal of decomposition took' place in these 
two solvents during the rearrangement reaction, and the cause 


of the formation of the cleavage product is not known. 


(ii) Formation of the Reduction Product, e-Allyl-6-chlorophenol 


The product resulting from ortho rearrangement of the allyl 
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group with Simultaneous reductive chlorine elimination, 2-allyl- 
6-chlorophenol, was found in larger amounts when the rearrangement 
of allyl 2,6-dichlorophenyl ether was carried out in easily 
oxidizable solvents. Thus, in decalin, a non-polar solvent 
wherein considerable decomposition took place during the reaction, 
64% of the product was 2-allyl-6-chlorophenol (Expt. No. 1, Table 
III, page 80). The fact that the reduction product appeared at a 
very early stage of the reaction, when relatively little phenolic 
product was present, and that it was present in such a large 
proportion at the end of the reaction, indicates that the solvent 
decalin did indeed participate as a reducing agent and that the 
monochlorophenol was not formed merely by oxidation of the 
phenolic products. However, due to the extensive decomposition, 
it was impossible to isolate oxidation products of decalin, such © 
as tetralin, etc., to support this view. 

When allyl 2,6-dichlorophenyl ether was caused to rearrange 
in N,N-diethylformamide and in N-methylformamide, much decomposition 
occurred in each case. ‘The proportion of reduction product, 
2-allyl-6-chlorophenol, was 23% and 59% respectively (Expt. Nos. 

7 and 10, Table III, page 81), presumably also the result of 
facile oxidation of the solvent and/or its decomposition products. 

When the rearrangement of allyl 2,6-dichlorophenyl ether was 
carried out in solvents which are themselves not. readily oxidized, 
the amount of 2-allyl-6-chlorophenol formed decreased markedly 
compared with the extent of its formation in easily oxidizable 
Solvents. In fact, in the solvents o-dichlorobenzene, benzonitrile, 


and diphenyl cther, none or only a very small amount (0-3%) of 
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the reduction product was found (Expt. Nos. 3, 6 and 2, respect- 
ively, Table III, page 80). It is likely that in these cases, 
as well as when no solvent was used, (Expt. No. 4, Table TE) or 
when nitrobenzene was employed as solvent (Expt. Nos. 8 and 9, 
Table III, page 81), the phenolic products produced in the 
rearrangement could act as reducing agents under the reaction 


conditions to account for the formation of 2-allyl-6-chlorophenol. 


(iii) Formation of the Rearrangement Product, 4-Allyl-2,6- 
dichlorophenol 

The product resulting from normal para rearrangement of 
allyl 2,6-dichlorophenyl ether, 4-allyl-2,6-dichlorophenol, was 
formed in varying amounts when the rearrangement of the ether 
was carried out in different solvents. It should be noted that 
the formation of this compound occurred best in solvents which 
are non-acidic, relatively non-polar, and which are not easily 
oxidized. Thus, for example, when the rearrangement was carried 
out in diphenyl ether solution or in o-dichlorobenzene solution, 
the yield of 4-allyl-2,6-dichlorophenol was nearly quantitative 
(97% and ~100% respectively, Expt. Nos. 2 and 3, Table III, page 
80), while, at the other extreme, rearrangement of allyl 2,6-di- 
chlorophenyl ether in decalin, which is easily oxidized, or in 
N-methylformamide, which is highly polar, as well as apparently 
easily oxidized, resulted in only 30% and 10% of the para 
rearrangement product, respectively (Expt. Nos. 1 and 10, Table 
Ii). Obviously, in the latter type of solvent, the reactions 


resulting in cleavage product, reduction product, and chlorine 
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migration product compete very favorably with that resulting in 
para rearrangement of the allyl group. 

One of the interesting aspects of these results, and of 
possible synthetic importance, is the fact that rearrangement of 
allyl ¢,6-dichlorophenyl ether in o-dichlorobenzene at 178°, 
affords a quantitative yield of 4-allyl-2,6-dichlorophenol. 
Thus, by proper choice of the reaction medium, one can eliminate 
the usual reactions competing with that of para rearrangement of 
the allyl substituent, hence resulting in a much superior method 


for the preparation of the 4-allyl-2,6-dichlorophenol. 


iv) Formation of the Chlorine Migration Product, 2-Allyl-4,6- 


dichlorophenol 


Of primary interest in this study of the thermal rearrangement 
“of allyl 2,6-dichlorophenyl ether in various solvents was the 
extent of formation of the halogen migration product, 2-allyl- 
4,6-dichlorophenol, and how it was affected by variation in the 
polarity of the reaction mediun,. 

In non-acidic solvents of low polarity (diphenyl ether, 
o-dichlorobenzene, allyl 2,6-dichlorophenyl ether) little or no 
halogen migration occurred (0-2%, Expt. Nos. 2-4, Table III, page 
80). The exception to this was decalin wherein 6% of the product 
Was 2-allyl-4,6-dichlorophenol. However, since very little of 
this compound appeared before 50% of the original ether had 
reacted, it is likely that the phenolic products, associating 
minimally with the non-polar solvent decalin, and therefore to a 


ereater extent with the remaining unreacted ether, aided the 
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migration of halogen by protonation or hydrogen bonding by the 
acidic proton of the phenolic material with the allylic halogen 
in the intermediate dienone stage, thus promoting a greater 
degree of ionization of the allylic halogen. Similarly, the 
relatively large extent of chlorine migration which occurred 
during the rearrangement of allyl 2,6-dichlorophenyl ether in the 
relatively non-polar solvent phenol (11%, Expt. No. 5, ‘lable III, 
page 80), was probably due to the same acid effect mentioned 
above brought about by association of the phenol solvent with the 
allylic chlorine of the dienone intermediate, as shown below. 


G1 Gl Cl CHeCH=CHp = =ClY 
CeH50H c1  —C6HSOH , 
mene S = 


H 
C1 CHzCH=CH»o CL CHgCH=CHeg 


CHaCH=CHp 
of-n—o0cgHs 


+ C.gH.0H 
C C1 
When the rearrangement of allyl 2,6-dichlorophenyl ether 


was carried out in the more highly polar but non-acidic solvents, 
those of dielectric constant greater than 30 (nitrobenzene, 
nitrobenzene + lithium chloride, N,N-diethylformamide, and N= 
methylformamide), there occurred a larger extent of chlorine 
migration (7-38%). However, the amount of halogen migration 

did not parallel the polarity of the solvent as expressed by 
dielectric constant (D.C.) values, since N-methylformamide (DC. = 190) 


* Hydrogen bonding with haiogen is found in o-chlorophenol. 
See N. A. Puttnam. J. Chem. Soc. 5100 (1960). 
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yielded 25% of the product 2-allyl-4,6-dichlorophenol while 
N,N-diethylformamide (D.C.838) gave 38% of the halogen migration 
product (Expt. Nos. 10 and 7, respectively, Table III, page 81). 
This can be rationalized, however, if one considers that at the 
dienone stage there are two competing reactions, one in which the 
tertiary carbon's chlorine undergoes allylic rearrangement and 
the other in which the allyl group migrates to the para position, 


as indicated below. At this stage the halogen migration from C. 


C1 


CHoCH= CHo 


Cl 


H~ ~CHgCH= CH» 


to Cy is assisted by the greater polarity of solvent while allyl 
migration from Co to Cy, is influenced only minimally if at all 
by increased solvent polarity (20). Thus, the ratio of chlorine 
migration to allyl migration should give an indication of the 
effect of polarity of solvent on the extent of halogen migration. 
In Nemethylformamide the ratio is 25/10 while in N,N-diethyl- 
formamide it is 38/31. The larger ratio in N-methylformamide 
parallels its greater dielectric constant. The reductive removal 
of halogen, greater in the case of rearrangement in N-methyl- 
formamide than in N,N-diethylformamide, must also occur at the 


dienone stage and thus competes with halogen migration. Itis 
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likely that if this reductive removal of halogen were not present, 
the difference in the ratio of halogen to allyl group migration 
in the solvents N-methylformanide and N,N-diethylformamide would 
be even greater, 

Benzonitrile (D.C.= 25.2) is considered to be a polar 
solvent, yet very little of either the halogen migration product, 
a2-allyl-4,6-dichlorophenol (3%), or the reduction product, 2-allyl- 
6-chlorophenol (2%) was formed when allyl 2,6-dichlorophenyl ether 
was caused to rearrange in this substance (Expt. No. 6, Table III, 


page 80). 


Summary Concerning “actors which Affect Halogen Migration and 
Reductive Removal in the Thermal Rearrangement 

From the results of experiments shown in Table III, page so, 
concerning the thermal rearrangement of allyl 2,6-dichlorophenyl 
ether, it can be seen that a highly polar solvent (Expt. Nos. 7-10, 
Table III) does assist in the halogen migration as well as in the 
reductive elimination of one of the halogen atoms, with the 
latter depending upon the presence of an oxidizable substance. 
However, acidic solvents of lower polarity (and this includes 
phenolic products of the reaction to some extent) can accomplish 
the same thing. From the results obtained with benzonitrile as 
solvent, it appears that a moderate solvent polarity does not 
promote chlorine migration significantly, but requires some add- 
itional factor. There is thus no linear comparison between 
migration of halogen and polarity of solvent, due to the complicat- 
ing effects of solvent and/or product acidity, as well as the 


effects of decomposition products. 
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5. The Rearrangement of Allyl 2,6-Dichlorophenyl Bther in the 
Presence of Stannous Chloride 
In 1952, Carlin, Wallace and Fisher (56) reported the con- 
version of several 2,6-dichlorophenylhydrazones (LXIII) to the 
corresponding 7-chloroindoles (LXIV) by fusion of the former with 


stannous chloride at 246-260°. The yields of product were generally 


cl | SnCle 
pees 246=260° | 
v—N= zs Rt 
cl + Np ae 
LXTII LXIV 


low (3-17%) and no 5,7-dichloroindoles, the result of halogen 
migration, were obtained from any of the reaction mixtures. 

The formation of the 7-chloroindoles was explained by the 
reductive removal, by stannous chloride, of the allylic chlorine 


of the dienone imine intermediate, as shown below, 
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In view of the observation, as noted in the foregoing section, 
that the presence of oxidizable substances caused a competitive 
reductive elimination of one of the halogen atoms during the 
thermal rearrangement of allyl 2,6-dichlorophenyl ether, it was 
of interest to discover whether rearrangement of this ether in 
the presence of Stannous chloride would yield only the monohalo 
product, 2-allyl-6-chlorophenol, analogous to the findings by 
Carlin et. al. (56) concerning the Fischer indole synthesis. The 
results obtained from the rearrangement of allyl 2,6-dichloro- 
phenyl ether in the presence of stannous chloride in o-dichloro- 


benzene solution are summarized in Table V, page 93. 


(i) Stannous Chloride as a Lewis Acid 


Upon examination of the results presented in Table V, page 93, 
it is clearly seen that stannous chloride accelerated the 
rearrangement of allyl 2,6-dichlorophenyl ether since, for example, 
after eight hours reaction time 30% of the original ether was left 
when stannous chloride was present whereas, without stannous 
chloride, under otherwise identical conditions, 60% of the ether 
remained (compare sections A and B of Table V, page 93). Further- 
more, both the ether cleavage product 2,6-dichlorophenol and the 
coumarans (7-chloro-2-methylcoumaran and 5,7-dichloro-2-methyl- 
coumaran) were formed in the presence but not in the absence of 
stannous chloride. These products, as observed previously, are 
characteristic of the Zine chloride-catalyzed rearrangement of 
allyl 2,6-dichlorophenyl ether, thus showing that stannous 


chloride also behaves as a Lewis acid. 
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(ii) Halogen Migration and Reductive Removal 
Both the reduction product 2-allyl-6-chlorophenol and the 


halogen migration product 2-allyl~4,6-dichlorophenol were formed 
during the stannous chloride-promoted rearrangement of allyl 
2,6-dichlorophenyl ether, the former in somewhat larger amount 
in the first six hours of reaction but in relatively lesser 
amounts by the end of the reaction. It is possible that the 
accumulating stannic chloride from the reduction process could 
be responsible for the increasing proportion of migration product 
as compared with the reduction product as the reaction progressed. 
The formation of the various products in the rearrangement 
of allyl 2,6-dichlorophenyl ether in the presence of stannous 
chloride can be summarized by means of the following reaction 


scheme, 


sncl 
_ CHeCH=CHe ~Y"2_ CHeCH=CHe 
C1 al (a) il Yel 
+ sSnClo << te7 
LI LXV 
(b) 
OH 7 Snel 
1: il 
2 hydrolysis oe eee 
+ CHo= CHCH2C1 
LVI 
SnClo 
\. = CHeCH=CHe _Saclg __-Snlpy 


HeCH= CHe CH.CH CH 
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The catalysis by stannous chloride in this reaction must 
have involved the formation (route a) of the stannous chloride- 
allyl 2,6-dichlorophenyl ether complex (LXV) which then, toa 
Small extent, underwent cleavage (route b) to form 2,6-dichloro- 
phenol (LVI). Simultaneously and preferentially, there occurred 
intramolecular rearrangement of the complex (LXV), via route c, 
to afford the dienone (LV). 

The fact that rearrangement of allyl 2,6-dichlorophenyl 
ether in o-dichlorobenzene in the presence of stannous chloride 
produced no 4-allyl-2,6-dichlorophenol resulting from para 
rearrangement of the allyl group, while rearrangement of the ether 
in the absence of the metal halide, under otherwise identical 
conditions, gave para rearrangement exclusively (compare sections 
A and B of Table V, page 93) must mean that at the dienone stage 


(LV) the presence of the stannous chloride was sufficient to 
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cause reaction exclusively with the allylic chlorine atom by 
forming a complex such as LXVI in which the stannous chloride 

is associated with the chlorine atom (route d). The associated 
species (LXVL) then underwent two different reactions. In the 
first, the stannous chloride reductively removed (step e) the 
allylic chlorine to form the reduction product 2-allyl-6-chloro- 
phenol (LII). Simultaneously, and competitively, there occurred 
a stannous chloride-assisted chlorine migration (route f), forming 
the dienone (LX), which, upon aromatization gave the 2-allyl-4,6- 
dichlorophenol (LVIII). Both of the o-allylphenols (LII and 
LVIII) were converted in part to the corresponding 2-methyl- 
coumarans (LXII and LIX, respectively), by stannous chloride- 
promoted ring closure. 

The possible mechanisms involved, and the manner in which 
the assistance by stannous chloride takes place, in the halogen 
migration step (route f) will be discussed later. 

The results obtained in our study concerning the effect of 
Stannous chloride on the rearrangement of allyl 2,6-dichlorophenyl 
ether are somewhat different in character from those reported by 
Carlin and co-workers (56) regarding the Fischer cyclization of 
2,6-dichlorophenylhydrazones in the presence of stannous chloride. 
While, as noted earlier, the latter authors isolated only products 
(7-chloroindoles) resulting from reductive chlorine elimination, 
our work shows that chlorine migration, as well as reduction, can 
occur during the stannous chloride-promoted rearrangement of 
allyl 2,6-dichlorophenyl ether. 


Since Carlin et. al. (56) used a large excess of stannous 
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chloride in their reactions, the possibility that an excess of 
this reagent in our work might increase the amount of reduction 
product was examined. The solubility of stannous chloride in 
o-dichlorobenzene is quite limited, hence relatively dilute 
solutions of reactants were employed in this experiment. A 
mixture of 1.25 g. (0.006 mole) of allyl 2,6-dichlorophenyl ether 
and eso) €. (0.012 mole) of eS chloride (nearly all of which 
went into solution) in 125 ml. of o-dichlorobenzene, when heated 
at 150-155° for 24 hours, gave only two products, the reduction 
product 2-allyl-6-chlorophenol and the halogen migration product 
2-allyl-4,6-dichlorophenol (37% and 63% respectively, section C 
of Table V, page 95). Thus, an increase in the proportions of 
stannous halide, rather than increasing the amount of reduction 
product, actually enhanced the proportion of halogen migration 
(compare sections A and C, Table V, page 93). Although these 
results are in apparent contrast to the findings of Carlin, 
Wallace and Fisher (56), it should be noted that these authors 
added their hydrazones to an excess of fused (260°) stannous 
chloride and such vigorous conditions might well account ig(oig 


their failure to isolate any dihalogenated indoles. 


Possible Mechanisms for Halogen Migration in the Zine Halide- 
Catalyzed Rearrangement of Allyl 2,6-Dihalophenyl Ethers 
Before discussing the results obtained from further phases 
of our work, it may be advantageous to present the various 
mechanisms which could be involved in the zine halide-promoted 


halogen migration which occurs during the zinc halide-catalyzed 
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rearrangement of allyl 2,6-dihalophenyl ethers, in order that 
the results obtained from these further studies, as well as 
those previously presented, may be discussed in terms of the 
proposed mechanisms, 

Since the halogen rearrangement occurs at the dienone 
intermediate stage of the reaction, consideration need be 
given only to the possible pathways, starting from this stage. 
For reasons of clarity and convenience the possible routes are 
discussed separately, and are demonstrated by use of the dichloro 
compound as the starting ether along with a generalized zinc 
halide (ZnX5) formulation. 

The state of the zinc halides under the conditions of our 
reactions is not certain. in an organic solvent which only 
partially dissolves the zinc halides, as is the case in our 
reactions, there might exist a mixture of monomeric, dimeric, and 
polymeric aggregations, with the dimeric and higher aggregate 
Species possibly existing in part, for example, as EXD 
Due to the lack of precise information the designation ZnXp is 


used for simplicity. 


Mechanism A 

Since, as discussed previously, the results from the Zinc 
chloride-catalyzed rearrangement of allyl 2,6-dichlorophenyl 
ether, as well as those from the rearrangement of this ether in 
the presence of stannous chloride, indicated that there occurred 
an association of the metal chloride with the allylic halogen of 
the dienone intermediate, the halogen migration in the zinc 


halide-catalyzed rearrangement of allyl 2,6-dichlorophenyl ether 
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might occur via a six-centered cyclic arrangement involving the 
allylic chlorine, the Lewis acid, and the para position of the 
aromatic nucleus. This pathway, which is illustrated below, 


can, for obvious reasons, be conveniently referred to as a zinc 


halide bridge mechanism, 


H2CH= CH 
cl ° e 
——= ll gh 
aay alge & 
\ zi 
OH 9 
al CHpCH=CHp ee CHCH=CHp 
pn i A 
+ ZnkC1 
5 H 


LXVII 
It can readily be seen that, if this mechanism were 100% 


operative, replacement of zinc chloride (X=Cl) by zinc bromide 
(K=Br) would lead to the formation of 2-allyl-4-bromo-6-chloro- 
phenol (LXVII, X=Br) or, in part, its corresponding 2-methyl- 
coumaran, As the reaction progressed, however, the species 
ZnXCl (X=Br) would accumulate, which could then result in the 
formation of 2-allyl-4,6-dichlorophenol, the amount depending 
upon the relative quantity of ZnXCl in solution and the com- 


parative reactivity of the two halogens, 


Mechanism B 
Another possibility for the manner of halogen migration in 
these reactions is that of Lewis acid-promoted ionization of the 


allylic carbon-halogen bond in the dienone intermediate to create 
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a tight ion pair which could then collapse to form 2-allyl-4,6- 
dichlorophenol (see below) in a manner somewhat similar to that 
which occurs in the purely thermal rearrangement of allyl 2,6- 


dichlorophenyl ether in a polar reaction medium, 


CH= 
C1 a 
b1 
OH 
CHaCH=CHe 
—“~ 
Cl 


It can readily be understood that the association of the 
Lewis acid with the allylic chlorine atom would result in much 
more facile ionization of the already relatively weak allylic, 
tertiary carbon-chlorine bond, and thus promote the halogen 
migration. This mechanism would result exclusively in the form- 
ation of the 2-allyl-4,6-dichlorophenol even in the presence of 


Zine bromide (X=Br). 


Mechanism C 

Mechanism B might be modified, under appropriate conditions, 
by the formation of a species such as znClks, which could then 
cause substitution at the para position by x© or Gu as shown 
below. This mechanism would result in the formation of halogen 
migration product, 2-allyl-4,6-dichlorophenol, as well as 
halogen substitution product (LXVII). 
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0 
Cl BED ee =CHp cl eo CHaCH=CHy 
| Seine lees eae Sain) 
Lagi: “(1 Inx 
ZnX » e we ae 
OH 0 0H 
¥ — C ™~ ‘ 
Cl HeCH=CHe 1 5 HoCH=CH, a CHepCH—=CHe 
<— ate 
SS 
H Xx C1 
LXVII + 7nXC1 


The difference between mechanism B and Mechanism C lies 
only in the degree of separation of the migrating halogen from 


the organic moiety. 


Mechanism D 

In addition to the three routes described above, halogen 
rearrangement might be accomplished by an Sy2' mechanism (57), 
involving attack by a second Zinc halide molecule at the Cy 
position, with (or possibly without) the assistance of the Lewis 


acid in the ionization of the allylic carbon-halogen bond. 
| vy GL + 2 ZnXe 


0H 
Cl CHeCH=CHe 


LXVII 
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If this mechanism were largely operative, the application 
of zine bromide (K=Br) as catalyst would again result in the 
predominant formation of the bromine substitution product 2- 
allyl-4-—bromo-6-chlorophenol (LXVII, X=Br), and/or its corres- 
ponding 2-methylcoumaran, as the product of halogen rearrange- 


ment. 


The Rearrangement of Allyl 2,6-Dichlorophenyl Ether in the 
Presence of Anhydrous Gine Bromide and of Allyl 2,6-Dibromo- 
phenyl Ether in the Presence of Anhydrous Zinc Chloride 


In an effort to determine whether all or some of the schemes 
proposed in the preceding section contribute in the formation of 
2-allyl-4,6-dihalophenols in the zinc halide-catalyzed rearrange- 
ment of allyl 2,6-dihalophenyl ethers, the rearrangement of allyl 
2,6-dichlorophenyl ether was carried out in the presence of 
anhydrous zine bromide. As well, allyl 2,6-dibromophenyl ether 
was rearranged in the presence of anhydrous zine chloride. A 
high proportion of 2-allyl-4,6-dichlorophenol in the first case 
and of 2-allyl-4,6-dibromophenol in the second would favor 
allylic halogen migration according to mechanism B (page 99). 

On the other hand, a high yield of the halogen exchange or 
substitution products 2-allyl-4-bromo-6-chlorophenol and 2- 
allyl-6-bromo-4-chlorophenol respectively, would lend support 

to the Sye' scheme (mechanism D, page 101). The occurrence of 
both halogen substitution and halogen migration products could 
arise from the intervention of mechanisms C or A or a combination 
of mechanisms B and D. 


The results obtained from the zine bromide-catalyzed 
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rearrangement of allyl 2,6-dichlorophenyl ether are summarized 
in Table VI, page 104, while those derived from the zine chloride- 
catalyzed rearrangement of allyl 2,6-dibromophenyl ether are 
shown in Table VII, page 105, 

Before the results of these studies are discussed in terms 
of the proposed mechanistic schemes, a number of general observ- 
ations should be made concerning the information given in Tables 


Vili fand Wilk, 


i) No a Rearrangement of the Allyl Group 

In neither case was there any indication of the formation 
of 4-allyl-2,6-dihalophenol, the product found in predominant 
amount in the purely thermal rearrangement under similar con- 
ditions. Apparently, as in the case of the zine chloride and 
the stannous chloride-catalyzed rearrangement of allyl 2,6-dichloro- 
phenyl ether, the presence of the Lewis acid was sufficient to 
cause, at the dienone stage, reaction exclusively with the allylic 
halogen atom, thus indicating that, in every case, association 


of the Lewis acid with the halogen atom had occurred (See below), 


se J 7 allt CHo 
Ha > | 
< SZ A 


2nYo 


(ii) Little or no Reductive Removal of Halogen 
The zinc bromide-catalyzed rearrangement of the allyl 2,6- 

dichlorophenyl ether (Table VI, page 104) showed no evidence of 

reductive removal of the chlorine atom, Since no 2-allyl-6-chloro- 


phenol was formed. On the other hand, approximately 3% of the 
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product obtained from the zine chloride-catalyzed rearrangement 
of the dibromo ether (Table VII, page 105) was the monobromo 
reduction product 2-allyl-6-bromophenol (and/or its correspond- 
ing 2-methylcoumaran). Thus, the allylic carbon-bromine bond in 
the dienone (LXVIII) is more susceptible to the competitive 
reductive cleavage than is the allylic carbon-chlorine bond in 


the dienone (LV). 
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(iii) Ether Cleavage 


Cleavage of the ethers to the respective 2,6-dihalophenols 


in each case increased with increase in reaction temperature, but 
was more pronounced in the zinc bromide-catalyzed reaction, Thus, 
for example, rearrangement of allyl 2,6-dichlorophenyl ether in 
the presence of zine bromide at 140-145° produced about 50% of 
ether cleavage material, 2,6-dichlorophenol (Table VI, page 104), 
while under the same conditions, the zine chloride-catalyzed 
rearrangement of allyl 2,6-dibromophenyl ether gave only 16% of 
2,6-dibromophenol (Table VII, page 105). 

It is noteworthy that, in contrast to the results obtained 
with zine chloride as catalyst, those from the zine bromide- 
catalyzed rearrangements were difficult to reproduce in duplicate 
reactions, Commercial anhydrous zine bromide itself (obtained 
from Matheson, Coleman and Bell, Norwood, Ohio, U.S.A.), was 


particularly bad in this regard and therefore, before use, it was 
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heated to its melting point (as was done for the zine chloride) 
to drive off traces of water. if one treated the zinc bromide in 
this way, and then allowed it to cool ina desiccator containing 
phosphorus pentoxide and dry nitrogen, and as well stored the 
desiccator in a dry box (phosphorus pentoxide) flushed with dry 
nitrogen and finally carried out all weighings, transfer and 
mixing manipulations in this dry box, considerable improvement 

in reproducibility was found, although the results even then 
were not entirely satisfactory. 

Even though all the above-mentioned precautions were taken, 
it is poSsible that traces of water could be the cause of this 
difficulty in reproducing the results, From our observations, 
Zine bromide was considerably more hygroscopic than was zinc 
chloride. Furthermore, theaddition of one drop of water to the 
reaction mixture contining the zinc bromide catalyst (Table VI, 
page 104, 36 hour run at 130-135") increased the amount of ether 
cleavage. It is already known that the addition of a small amount 
of water to a reaction involving boron trifluoride does enhance 
the catalytic power of this Lewis acid, probably by production of 


a proton according to the reaction shown below (58-61). 
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Comparison of the results obtained from the zine bromide- 
catalyzed rearrangment of allyl 2,6-dichlorophenyl ether (Table 
VI, page 104) with those derived from the rearrangement of allyl 
2,6-dibromophenyl ether in the presence of zinc chloride (Table 


VII, page 105) reveals that the Lewis acid, zine bromide, was not 
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only more effective in causing ether cleavage, as noted above, 
but was also more efficient in promoting cyclization of the 2- 
allyl-4,6-dihalophenols to the corresponding 2-methylcoumarans, 
a distinctly acid-catalyzed reaction. It was felt that these 
observed phenomena might be due to the somewhat stronger Lewis 
acid character of the zinc bromide as compared with that of zinc 
chloride. Analogously, aluminum bromide is considered to be a 
more effective catalyst in the Friedel and Crafts reaction than 
is aluminum chloride (62). Furthermore, it has been shown that 
the electrophilicities of the boron halides toward pyridine or 
nitrobenzene are in the order BF, <¢ BCl, (apr, (63), indicating 
the Lewis acid strength of these halides is in the order BBrz> 
BCls BF3. To our knowledge, no such comparison has as yet been 
reported concerning the aluminum halides, or the zine halides, 
although such work has been under consideration (63). 

However, if one can extrapolate the results obtained con- 
cerning the boron halides to the zinc halides, support is thus 
obtained for the view that zinc bromide is a stronger Lewis acid 
than is zine chloride. The greater solubility of the zine bromide 
in nitrobenzene, as observed in our work, indicates greater coord-= 
inating power with the solvent. On the other hand, the greater 
solubility of the bromide in nitrobenzene, as well as that of 
aluminum bromide in benzene in the Friedel and Crafts reaction 
(62) as compared with the solubilities of the corresponding 
chlorides, could well explain the greater catalytic effect observed. 
The limited amount of information available precludes any definite 


conclusion as yet concerning the cause of the greater activity 
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observed in the case of the zinc bromide. 


(iv) Simple Allylic Halogen Migration in Competition with Halogen 
Substitution by Halide Ion 

The results summarized in Tables VI and VII, pages 104 and 
105 respectively, show that halogen substitution as well as 
halogen migration occurred during the zinc halide-catalyzed 
rearrangement of allyl 2,6-dihalophenyl ethers, Thus, when 
allyl 2,6-dichlorophenyl ether (LI) was caused to rearrange in 
nitrobenzene in the presence of zinc bromide, there was formed 
in addition to the product of chlorine migration, 2-allyl-4,6- 
dichlorophenol (LVIII), a considerable amount of the bromine 
substitution product, 2-allyl-4-bromo-6-chlorophenol (LXIX), 
both of which were converted in part, or completely, to their 


corresponding 2-methylcoumarans (LIX and LXX respectively). 
(ae CHa OH 
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Similarly, the zine chloride-catalyzed rearrangement of 


allyl 2,6-dibromophenyl ether (XLV) afforded 2-allyl-4,6-dibromo- 
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phenol (XLIX) and 2-allyl-6-bromo-4-chlorophenol (LXXI), along 


with some of their respective 2-methylcoumarans (L and LXXIT) 


CHeCH=CHe 
Br CgHsNOg eee ct ay CH 2CH==CH 2 
oe |. 
XLV XLIX 


pra civ 
L LXXII 


It was found that the ratio of halogen substitution to 
halogen migration increased with temperature in the zine chloride- 
catalyzed rearrangement of allyl 2,6-dibromophenyl ether, but 
decreased slightly in the zinc bromide-catalyzed rearrangement 
of allyl 2,6-dichlorophenyl ether (compare the last column of 
Table VI, page 104 with the last column of Table VII, page 105). 
Also, under the same conditions at lower temperatures (130-135 °) 
more bromine (from Zine bromide) replaced chlorine in the latter 
reaction than chlorine (from Zine chloride) replaced bromine in 
the former reaction, but this difference was nearly eliminated 
at higher temperatures (150-155°). 

At this stage, it is clearly seen that predominant sub- 
stitution, which must occur if the zinc halide bridge concept 
(mechanism A) and/or the Sy! route (mechanism D) were 100% 
operative, did not take place. Hence halogen rearrangement can 
occur only partially, if at all, by one or both of these pro- 


cesses. 
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CHpCH=CH» 
(Mechanism A) 
T=) + Zn KY 
CH—CH 
a s CHeCH=CHe 
x anes splyg (Mechanism D) 
“nYo ney 
gn> t y+ Z2nYo 


Alternatively, simple allylic migration of the halogen 
with the assistance of the zinc halide and involving a rather 
tight ion pair (mechanism: B) was also not completely operative, 


Since halogen substitution was quite substantial. 


; 0 
X__A_cig¢i=CHs x CHpgCH=CH 
e xO ae (Mechanism B) 
“\ZnYo ar 4nY2 
ish OS 


Conclusions VUoncerning the Possible Mechanisms Involved in Halogen 


Migration and/or Substitution in the Zine Halide-Catalyzed 


Rearrangement of Allyl 2,6-Vihalophenyl s#thers 


From the results of our work concerning the zine halide=- 
catalyzed rearrangement of allyl 2,6-dihalophenyl ethers, it 
is quite obvious that the Lewis acids exert a marked control 


over these reactions since there was no evidence of para allyl 
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rearrangement, the reaction normally found in the thermal 
rearrangements, This must mean, as pointed out before, that in 
the zine halide-catalyzed rearrangements, to control the reaction 
as it does, one molecule of zinc halide must first be associated 
with the allylic halogen of the dienone intermediate stage in 
every case, Subsequently, halogen substitution and halogen 
migration take place, 

The use of zinc chloride as a catalyst for the rearrange- 
ment of allyl 2,6-dichlorophenyl ether resulted in a high yield 
of 2-allyl-4,6=-dichlorophenol (Table I, page 67}. However, 
whether this occurred by allylic halogen "migration", or by 
"substitution" at the para position by a halogen from the zinc 
chloride catalyst could not be ascertained. The results from 
the zinc bromide-catalyzed rearrangement of allyl 2,6-dichloro- 
phenyl ether and from the zinc chloride-catalyzed rearrangement 
of allyl 2,6-dibromophenyl ether are considerably more informative 
(Table VI, page 104, and Table VII, page 105 respectively). 

An attempt might be made to interpret the results presented 
in Tables VI and VII in terms of mechanism C (page 100) involving 
the species CLInBr (in the case of the zinc bromide-catalyzed 
reaction) and BrZnCls (in the case of the zine chloride-catalyzed 
reaction). Thus, for example, in the rearrangement of allyl 
2,6-dichlorophenyl ether in the presence of zinc bromide, the 
carbonium ion could abstract a halide ion from the species 
CLmnBre, either a chloride ion to form the dichloro "migration" 
product, or a bromide ion to form the chloro bromo "substitution" 


product, as illustrated below, 
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0 

CHaCH=CHe 
Cl Cl CHeCH=CH2Cl CH CH= CH» 

cl —> - a 

‘ZnBr ; C1ZnBro + ZnClBr 
H 
C = 
1 9CH= CH 
+ ZnBr 2 


1. ae eal 


To assist us in evaluating this mechanism, excerpts from 


Tables VI and VII are arranged as shown below. 


Temperature Ratio of 4-Bromo Product to 4-Chloro Product 
of Reaction For Zine Bromide- For Zine Chloride- 
Catalyzed Reaction Catalyzed Reaction 
100-110° eS ae 
130-135° 1,.2=1.3 1.8 
140-145° 1.1-1.2 1.2 
150-155° age a 1.0 


In both the zine bromide and the zinc chloride-catalyzed 
reactions, the ratio of the 4-bromo product to the 4-chloro 
product decreased from a value greater than 1.0 (1.5 and 1.8, 
respectively) as the reaction temperature increased, until at 
150-155° the ratio was nearly 1.0 in both cases. That is, at 


150-155°, there were formed nearly equal amounts of 2-allyl-4- 
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bromo-6-chlorophenol and 2-allyl-4,6-dichlorophenol in the zinc 
bromide-catalyzed reaction and of 2-allyl-6-bromo-4-chlorophenol 
and 2-allyl-4,6-dibromophenol in the zine chloride-catalyzed 
reaction. 

If the reactions did indeed proceed via mechanism U, one 


would expect that in the case of 


9CH=CHe 


c1ZnBr yg 

abstraction of bromide ion should be considerably easier than 
abstraction of chloride ion. Furthermore, at least during the 
first portion of the reaction, twice as many bromide ions than 
chloride ions are available. Hence one would expect a larger 
proportion of 2-allyl-4-bromo-6-chlorophenol as compared with 
2-allyl-4,6-dichlorophenol, For the zine chloride-catalyzed 
reaction, 


(SS) 
BrZnCle 


one would expect less bromide ion abstraction than in the above 
case. However, according to the figures in the abbreviated 
table above, at 130-135° the ratio of 4-bromo product to 4-chloro 
product was greater for the zinc chloride-catalyzed reaction 
(1.8) than for the zine bromide-catalyzed reaction (1.2-1.5). 


This should be the reverse if the relative nucleophility and 
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the relative amounts of chloride ion and bromide ion are con- 
Sidered. Even at higher temperatures the zinc bromide-dichloro 
ether reaction would be expected to afford a larger than 1:1 
ratio of the 4-bromo to 4-chloro compound. The difference 
between the nucleophilities of the bromide and chloride ions 
at higher temperatures would decrease, but the likelihood that 
they would be equal is doubtful. 

Thus, intervention of mechanism C (page 100) as the only 
route for halogen migration and substitution in these reactions 
is very doubtful, although some contribution by this scheme 


might occur. 


The rearrangement of allyl 2,6-dichlorophenyl ether in the 
presence of stannous chloride offers some assistance in the 
choice of a mechanism. In this reaction, the formation of a 
greater amount of halogen "migration" product, 2-allyl=-4,6- 
dichlorophenol, as compared with the reduction or halogen 
removal product, 2-allyl-6-chlorophenol, rather than the reverse 
when the proportion of stannous chloride to dichloro ether was 
increased (Table V, page 93) can be taken as support for the 
participation of a second molecule of stannous chloride in an 
Sy2' reaction. Thus, considering the dienone stage, the Sy?! 
reaction would be in competition with that of reduction, as 


Shown below. One would not expect a markedly greater extent 


Cl Eg ESE CH.CH=CH a 
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0 
Cl HeCH= CHa 


ee ae 
Cl 


Se chlorine 
a ‘Snel "migration" 
Cl-+ Snel 


of reduction with a higher proportion of stannous chloride 
present, since it appears that there is already one molecule of 
stannous chloride preferentially associated with the allylic 
halogen, The presence of a second molecule in the same vicinity 
should not enhance the reducing power of the first molecule, but 
it could enter the reaction as a nucleophilic agent, attacking 
the allylic C4, carbon by an Sy2@' pathway, thus increasing the 
amount of halogen "migration" relative to reduction, Hence the 
Sye' mechanism as a contributing scheme for halogen rearrange- 


ment has some support. 


The results obtained from the Zine bromide-catalyzed re- 
arrangement of allyl 2,6-dichlorophenyl ether (Table VI, page 
104) show that at 100-110° the ratio of halogen substitution 
product to halogen migration product was 1.5. But as the temp- 
ature increased this ratio decreased, becoming 1,2-1.3 at 130- 
135° and 1.1 at 150-155°. The information obtained from the 
stannous chloride-dichloro ether reaction indicated that partici~ 
pation of the Lewis acid in an Sye' type of reaction is possible. 
This would be even more likely with zine bromide due to the 


greater nucleophilicity (64) of the bromide ion as compared with 
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that of the chloride ion. Hence, a competition is envisaged 


between the allylic migration of the chlorine via mechanism B 


0 0 
{ 
SSS 
© . 
re eae 2 + ZnBre 
C1 
and substitution via mechanism D, 
CH=CH 
Cl a a C1 CH »CH—CHe 
eal Rs Pa wees 
< “ZnB 9 1 408r 2 
ae + ZnBrCl 


It is also possible that bromine substitution at C4 could 
occur in part via the zine halide bridge mechanism (mechanism A, 
page 98), and/or by mechanism C (page 100). 

Higher reaction temperatures apparently facilitated the 
breaking of the allylic carbon-chlorine bond and hence a relatively 
greater contribution of mechanism B occurred, decreasing the 
ratio of bromine substitution to chlorine migration, 

The rearrangement of allyl 2,6-dibromophenyl ether in the 
presence of zinc chloride at 130-135° gave a ratio of bromine 
migration product to chlorine substitution product of 1.8 (Table 
VII, page 105). That is, nearly twice as much bromine migration 
occurred as compared with chlorine substitution. As the reaction 
temperature increased, however, this ratio decreased, becoming 


1.0 at 150-155. One might expect that with the dibromo ether 
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the allylic carbon-bromine bond of the dienone intermediate 
would be more readily ionized than would be the allylic carbon~ 
chlorine bond of the dienone intermediate obtained from the 
dichloro ether. Hence, already at relatively low reaction 
temperatures, bromine migration via mechanism B was quite 


prominent. Attack of chloride ion via an SA! mechanism was 


) 


5 (Mechanism B) 
+ ZnClo 


less competitive due to its lower nucleophility as compared 
with that of the bromide ion. 

Higher reaction temperatures could cause the formation of 
the species BrmCle, in which the bromide ion has been removed 
from the tight ion pair arrangement of mechanism B, This could 
then result in attack by chloride ion or bromide ion on the 
allylic group at Cy, as indicated below. Since there is a greater 
proportion of chlorine than bromine in the species Brincl, and 
Since at higher temperatures some decrease in the difference of 
reactivity of chloride ion and bromide ion would be expected, 
the proportion of bromine migration to chlorine substitution 


should decrease, as was observed. 


CHpCH=CHe 
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Bes + ZnClo 
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Conclusion 

The results obtained from the zinc halide-catalyzed 
rearrangement of allyl 2,6-dihalophenyl ethers indicate that, 
at the dienone stage of these reactions, there occurred an 
association of the zinc halide with the allylic halogen of the 
dienone. Subsequently there occurred halogen migration and 
halogen substitution. 

For these complex reactions, on the basis of the results 
obtained, it appears that no single one of the mechanisms 
Suggested can adequately explain the results. A postulation 
of a competition between the routes can be offered in which 
allylic halogen migration occurs with the assistance of the 
Lewis acid (mechanism B, page 99). Along with this there occurs 
halogen substitution via an Sye! mechanism (page 101) and 
possibly in part by a zine halide bridge mechanism (page 98). 

A contribution to the reactions could also arise from the scheme 
suggested in mechanism © (page 100) whereby a species such as 
znXeY is formed, which then attacks the carbonium ion to yield 
the Cy-halogenated products, the amount of each depending on 

the statistical number of halogens (in on) and their relative 


nucleophilicity. 
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HAPERIMENTAL 


All melting points and boiling points reported in this 
section are uncorrected. 

Microanalyses were performed by the #. Pascher Micro- 
analytisches Laboratorium, Bonn, Germany and by C. Daesslé, 


Organic Microanalyses, Montreal, Canada, 


Analyses by Gas Chromatography and Product Identification 
A Burrell Model K-2 Kromo-Tog, equipped with an integrator, 


and with helium as carrier gas, was used for all analyses. A 
2m. column, packed with 20% Apiezon L on Gas Chrom P (60-80 
mesh), afforded good separation of components into clearly re- 
solved peaks. The column temperature depended somewhat upon 

the boiling points of the products, but was usually in the region 
of 180-220°, The flow rate of helium was approximately 100 ml. 
per minute for all analyses. 

Analyses of carefully weighed authentic mixtures of the 
reaction products showed that the integrated paper areas of the 
peaks could be used as a direct measure of the molar compositions 
of the reaction mixtures. 

Products were identified by comparison of their v.p.c. 
retention times with those of authentic samples, and/or by their 
isolation from the reaction mixtures, followed by comparison of 
their physical constants and their infrared (Perkin-Elmer Model 
221) and nuclear magnetic resonance (Varian A-60) spectra with 


those of the authentic compounds. 
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2. Purification of Materials 


A, Solvents 


The solvents employed in our work were all commercially 


available and were purified by treatment with a drying agent, 


followed by distillation, under dry nitrogen, at atmospheric 


pressure, or under reduced pressure, 


The chart below gives a 


list of the solvents, along with their boiling points and the 


drying agent used in each case. 


Solvent 


Decalin 

Diphenyl ether 
o-Dichlorobenzene 
Phenol 

Benzonitrile 
N,N-Diethylformamide 
Nitrobenzene 


N-Methylformamide 


Drying Agent 


Drierite 


Drierite 


Drierite 


(a) 


Magnesium sulphate 


Magnesium sulphate 


Drierite 


Magnesium sulphate 


B.p. of Solvent jum 


190-191° /700 
102-103° /3 
176-178° /700 
177-178° /700 
186° /700 
70-71 /20 


205-206 /700 


(a) Phenol was not dried prior to distillation. 
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B, Reagents 
Zine Chloride 

Anhydrous granular zinc chloride (reagent grade), obtained 
from Fisher Scientific Company, Fair Lawn, N.J., U.S.A., was 
heated to its melting point in a porcelain dish to drive off 
traces of water, It was then allowed to cool in a desiccator 
containing phosphorus pentoxide and dry nitrogen. The desiccator 
was stored in a dry box (Pe05) which had been flushed with dry 
nitrogen. All weighings, transfer and mixing manipulations in- 
volving the Lewis acid were carried out in this dry box. 

Zine Bromide 

Reagent grade zinc bromide powder obtained from Matheson, 
Coleman and Bell, Norwood, Ohio, U.S.A., was treated, stored 
and handled in a manner analogous to that described above for 
zine chloride. 

Lithium Chloride 

Anhydrous lithium chloride reagent (Fisher Scientific 
Company, Fair Lawn, N.J., U.S.A.) was dried and handled as 
described for zine chloride. 

Stannous Chloride 

The method of Stephen (65) was employed to prepare this 
material. 

Reagent grade stannous chloride dihydrate (226 g., 1 mole), 
obtained from The British Drug Houses Canada Limited, Toronto, 
Canada, was treated with acetic anhydride (204 g., 2 moles). The 
dehydration was almost instantaneous, much heat was evolved, and 


the anhydrous salt separated. The salt was collected by filtration, 
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washed free of acetic acid with anhydrous ether, and then 
immediately placed in a deSiccator under vacuum. When all the 
solvent was evaporated, the stannous chloride was stored ina 
desiccator containing PoOs and nitrogen. The salt did not 
appear to be hygroscopic and could be preserved indefinitely in 


the desiccator. 


5. Preparation of 2,6-Dichlorophenol 
The method of Tarbell, Wilson and Fanta (66) was employed 


to prepare this compound. 
A. Bthyl 3,5-Dichloro-4-hydroxybenzoate 

To a 2-1., round-bottomed flask, equipped with an efficient 
reflux condenser and set up on a steam bath in a fume hood, was 
added 250 ga. (1.5 moles) of ethyl 4-hydroxybenzoate (obtained 
from #astman Organic Chemicals, Rochester, N.Y., U.S.A.) and 
444 g. (266 ml., 5.5 moles) of practical grade sulphuryl chloride. 
The mixture was warmed on the steam bath, gently at first, until 
gas was no longer evolved (about 1 hour). YThen 50 ml. of sul- 
phuryl chloride was added to the reaction flask and the warming 
was continued until gas evolution ceased. This entire chlorination 
procedure required about 1.5 hours. The excess sulphuryl chloride 
was then removed by attaching a water pump through an empty safety 
flask to the reaction flask and warming the vessel on the steam 
bath until no evidence of vapor could be detected above the 
white solid in the reaction flask. Crystallization of the solid 
from aqueous ethanol, gave 315 g. (89%) of ethyl 3,5-dichloro-4- 
hydroxybenzoate hydrate, m.p. IOS (dec) sate Me Die TGS 
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(dec.) (66). 


B. 5,0-VDichloro-4-hydroxybenzoic Acid 

To a 2-1. round-bottomed flask equipped with a reflux 
condenser and set upon a steam bath was added ethyl 3,5-dichloro- 
4-hydroxybenzoate hydrate (315 g., 1.55 moles) and 600 ml. of 
Claisen's alkali (52). Saponification was brought to completion 
by heating on the steam bath for 1 hour. A yellow, homogeneous 
solution resulted, which was diluted with 400 ml. of water and 
then acidified by pouring it into a rapidly stirred solution of 
520 ml. of concentrated hydrochloric acid and 300 ml. of water in 
a4i1. beaker, After the thick, white slurry had been cooled to 
0°, the solid was collected by filtration and washed twice with 
cold water. The filter cake was freed from as much water as 
possible by suction, and then was broken up and dissolved in a 
boiling mixture of 1 1. of ethanol and 350 ml. of water. Cooling 
the solution to 0° gave the first crop of crystals, weighing 
about 200 g. Concentration of the mother liquor to 750 ml. and 
cooling to One afforded an additional amount of product of equal 
purity. After being air-dried, the white crystalline 3,5-dichloro- 
4-hydroxybenzoic acid weighed 250 ge. (89%) and melted at 266-268 ; 
lit. m. p. 266-268° (66). 


C. 2,6-Dichlorphenol 

A mixture of dry 3,5-dichloro-4-hydroxybenzoic acid (250 g., 
1.2 moles) and redistilled dimethylaniline (575 g., 600 ml., 4.8 
moles) was placed in a 21. round-bottomed flask provided with a 


thermometer and a short air-cooled condenser. The reaction mix- 
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ture was then heated slowly with a heating mantle. ivolution of 
gas comnenced at about 130° and was vigorous at 150°. ‘The solution 
was heated at 190-200 for 2 hours, cooled to 0°, and poured in 
small portions into 600 ml. of cold (Om) concentrated hydrochloric 
acid, with cooling from time to time by means of an ice-water 

bath. The resulting mixture, after being thoroughly cooled, was 
extracted with three 250-ml. portions and three 100-ml. portions 

of ether. The combined ether extracts were washed several times 
with 6N hydrochloric acid and dried over anhydrous sodiun sulphate. 
Removal of the ether gave a solid, which, upon crystallization 
from Skellysolve B, afforded 173 2, (88%) of 2,6-dichlorophenol, 
MeDe 64-65°: lit. m.p. 64.5-65.5. (66). 


Preparation of 2,6-Dibromophenol 


A. 5,5-Dibromo-4-hydroxybenzoic Acid 


This compound was prepared by the method of Grovenstein and 
Henderson (67), as follows. To a stirred suspension of 4-hydroxy- 
benzoic acid (138 g., 1 mole, obtained from Hastman Organic 
Chemicals, Rochester, N.Y., U.S.A.) in glacial acetic acid (700 
ml.) was added 640 g. (4 moles) of bromine. The resulting mixture 
was heated for 5 hours on a steam bath and then thoroughly cooled. 
The solid was collected by filtration, washed thoroughly with 
water and air-dried. Recrystallization from glacial acetic acid 
afforded 249 g, (84%) of 3,5-dibromo-4-hydroxybenzoic acid, m.p. 
273-275; lit. m.p. 275-276 ° (67). 
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B. 2,6-Dibromophenol 


Decarboxylation of 3,5-dibromo-4-hydroxybenzoic acid (148 g¢., 
0.5 mole) according to the procedure described above for the 
corresponding dichloro compound (See the preparation of 2,6-di- 
chlorophenol), afforded 112 g. (89%) of 2,6-dibromophenol, m.p. 


55-56. (from hexane); lit. m.p. 56-57° (68). 


Preparation of Ring-Halogenated Allyl Phenyl Ethers 


Allyl 2,6-Dichlorophenyl kther 


To a solution of 2,6-dichlorophenol (81.5 g., 0.5 mole) in 
200 ml. of water containing 30 g. of sodium hydroxide was added 
acetone (300 ml.) and allyl bromide (85 g., 0.7 mole). fMThe 
resulting solution was refluxed, with stirring, for 3 hours, 
poured into 700 ml. of ice water, and then extracted thrice with 
ether. The combined ether extracts were washed several times 
with water and dried over anhydrous magnesium sulphate. Removal 
of the ether afforded an oil which, upon distillation under 
reduced pressure through a short Vigreux column, gave 91 ge. (90%) 
of allyl 2,6-dichlorophenyl ether, b.p. 69-70° at 1 mm.; lit. 
beD. 89-90° at 2 mm, (46). 


Allyl 2,6-Dibromophenyl Ether 


This compound was prepared by the above method. From 50 g, 
(0.2 mole) of 2,6-dibromophenol there was obtained 52 g. (90%) 
of allyl 2,6-dibromphenyl ether, bep. 73° at 0.4 mm.; lit. bep. 
112-113 ° at 2 mm. (45). 
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Allyl 2-Chlorophenyl Ether 

Purified grade o-chlorophenol, obtained from Fisher selentific 
Company, Fair Lawn, N.J., U.S.A., was carefully distilled and 
then converted to allyl 2-chlorophenyl ether by application of 
the above method. From 64 g. (0.5 mole) of the phenol was obtained 
Joma (So) Of the ether. Bebe 100-102 a6 IL mm.; Mit, dep. 108= 
110° at 15 mm. (46). 


Allyl 2-Bromophenyl Ether 


This compound was prepared by the method described above. 
From 75 g. (0.45 mole) of o-bromophenol (Hastman Organic Chemicals, 
Rochester, N.Y., U.S.A.) was obtained 78 g. (85%) of allyl 2-bromo- 
phenyl ether, b.p. 66-67 at 0.8 mm.; lit. bep. 130-134° at 20 m. 
(aee3)) © 


Allyl 2,4-Dichlorophenyl Ether 


This compound was prepared from 2,4-dichlorophenol (Matheson, 
Coleman and Bell, Norwood, Ohio, U.S.A.) by the above method. 
From 49 g. (0.3 mole) ot the phenol was obtained 53 g. (86%) of 
allyl 2,4-dichlorophenyl ether, b.p. 73-73.5. at 0.55 mm.; lit. 


bepmZ4ei4i5c at 20 mms (60). 


Allyl 2,4-Dibromophenyl Ether 


By application of the above method, 76 ge. (0.3 mole) of 
2,4-dibromophenol (Bastman Organic Chemicals, Rochester, N.Y., 
U.S.A.) was converted to 84 ge. (95%) of allyl 2,4-dibromophenyl 


Sucre. GO ab 0.4 mm.; lit. Dep. b27=1S4 Sat @olS mm (44). 


Allyl 2-Bromo-4-chlorophenyl Ether 


This compound was prepared by the above method. From 62 g. 
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(0.5 mole) of 2-bromo-4-chlorophenol (Aldrich Chemical Co., Inc., 


Milwaukee 10, Wisconsin, U.S.A.) was obtained 65 g. (88%) of 


pat 


allyl 2-bromo-4-chlorophenyl ether, b.p. Boab Ors timers neo 3737. 


Gale. for CoHgBrvlO: C, 43.67; H, 3.26; Br, 32.29; Cl, 14.32. 


HOUNGSE ECR ZO wos rit Secon Bly pOowoleaiGin, W4igdi/. 


Allyl 4-Bromo-2-chlorophenyl Kther 


This ether was prepared by the method described above. From 
21 g. (0.1 mole) of 4-bromo-2-chlorophenol (Aldrich Chemical Co., 
Inc., Milwaukee 10, Wisconsin, U.S.A.) was obtained 23 g. (92%) 
of allyl 4-bromo-2-chlorophenyl ether, b.p. 84-85° at 0.7 mm. 
Gale. for CoHabrclo: €, 45.67; H, 3.26; Br, 32.29; Cl, 14.32. 
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Preparation of Ring-Halogenated 2-(and 4-)Allylphenols 


2-Allyl-6-chlorophenol 
A solution of allyl 2-chlorophenyl ether (34 g., 0.2 mole) 


in diphenyl ether (80 ml.) was heated with stirring, under an 
atmosphere of purified nitrogen, to 205-210° and kept at this 
temperature for 3 hours. When the solution had cooled, it was 
diluted with 400 ml. of commercial pentane and extracted thrice 
with Claisen's alkali (52). The combined alkaline extracts were 
washed several times with pentane, thoroughly cooled in an ice- 
water bath, acidified with concentrated hydrochloric acid, and 
then thrice extracted with pentane. The combined extracts were 
washed with saturated salt solution and dried over anhydrous 
sodium sulphate. Removal of the solvent gave an oil which was 
distilled under vacuum through a short Vigreux column, giving 


31 g. (90%) of 2-allyl-6-chlorophenol, b.p. e720 abee MMe § 
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lit. bsp. 215=220° at 750 mm. -(46). 


a-Allyl-6-bromophenol 


This compound was prepared in an analogous manner to that 
described above. From 53 g. (0.25 mole) of allyl 2-bromophenyl 
ether was obtained 41 g. (77%) of 2-allyl-6-bromophenol, b.p. 


59-60 at 0.7 mm.; lit. b.p. 87-88 at 2mm, (44). 


2-Allyl-4, 6-dichlorophenol 
This phenol was prepared from allyl 2,4-dichlorophenyl ether 


by the above method. From 45 g, (0.22 mole) of the ether was 
obtained 39 g. (87%) of 2-allyl-4,6-dichlorophenol, b.p. 77° at 


0.9 mm.; lit. bsp. 264° at 759 mn. (70). 


2-Allyl-4,6-dibromophenol 


This compound was prepared as described above. From 58 g. 
(0.2 mole) of allyl 2,4-dibromophenyl ether was obtained 35 ge. 
(60%) of Z-allyl-4,6-dibromophenol, b.p. 88° at 0.4 mm.; lit. 


eos lilc=besaameat olumm., a(4s) 3 


2-Allyl-6-bromo-4-chlorophenol 


This compound was prepared from allyl 2-bromo-4-chlorophenyl 
ether by the method described above, From 40 g. (0.16 mole) of 
the ether was obtained 30 g. (75%) of 2-allyl-6-bromo-4-chloro- 
phenol, b.p. 80-81° at 0.6 mm.. n5° 1.5838, 

Cale. for CoHgBrclo: C, 45.67; H, 5.26; Br, 52.29; Cl, 14.52. 
Houdd- 95s 45.02" H, S265 Br, 52.20, Cl, 14.07. 


2-Allyl-4-bromo-6-chlorophenol 


This compound was prepared as described above. From 21 g. 


(0.085 mole) of allyl 4-bromo-2-chlorophenyl ether was obtained 
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16 g. (76%) of 2-allyl-4-bromo-6-chlorophenol, bsp. 80° at 0.4 mm.. 
Calc. for CoHgBrOlO: C, 43.67; H, 5.26; Br, 52.29; Cl, 14.32. 

Ae Found: C, 43.60; H, 3.31; Br, 32.08; Cl, 14.43. 
ny” 1.5855. 
4-Allyl-2,6-dichlorophenol 

Rearrangement of allyl 2,6-dichlorophenyl ether (41 g., 

0.2 mole) in 100 ml. of o-dichlorobenzene at 178° for 12 hours, 
followed by isolation and purification of the phenolic product 
as described above, gave 33 g. (80%) of 4-allyl-2,6-dichloro- 
phenol, b.p. 7aecat 0.5 mms; m.p. 34255 . Lit. bep. 104-108° at 
3 mm.; lit. m.p. 33-35° (46). 


Preparation of Halogenated 2-Methylcoumarans 


7-Chloro-2-methylcoumaran 


The general procedure reported in the literature (14, 45) 
was employed to obtain this compound from 2-allyl-6-chlorophenol, 
as follows. To a solution of 2-allyl-6-chlorophenol (34 g., 0.2 
mole) in glacial acetic acid (250 ml.) was added 50 g. of 48% 
hydrobromic acid. The resulting solution was refluxed, with 
stirring, for 3 hours, cooled, poured into 500 ml. of water, and 
extracted twice with ether. The combined ether extracts were 
washed several times with water, several times with aqueous 
sodium bicarbonate, twice with dilute aqueous sodium hydroxide, 
finally twice with water and then dried over anhydrous magnesium 
Sulphate. Removal of the ether gave an oil which, upon distillation 
under reduced pressure through a short Vigreux column, afforded 
19 g. (56%) of 7-chloro-2-methylcoumaran, b.p. 74° at 1.8 mm.. 
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Galle stor GoHoClO! BC, 464.10; Hew be5Syn0Cl, 21.03. 
Hound:5.C,p644 0758 ty Selig. Gil, led. 


7-Bromo-2-methylcoumaran 


This compound was prepared from 2-allyl-6-bromophenol by 
the procedure described above. From 21 g. (0.1 mole) of the 
phenol was obtained 12 g. (57%) of 7-bromo-2-methylcoumaran, 
dep. 71° at 0.75 mm.. rey 1.57356 
Gollee Ferme qigBYO: = Cyg50. 755 Sign 4.265" Br is75l . 

Found s.C, 850597; 9 Hy, 4521; Br, 57.26. 


0, 7-Dichloro-2-methylcoumaran 


This compound was prepared from 2-allyl-4,6-dichlorophenol 
by a procedure analogous to that described above. From 18.35 eg. 
(0.09 mole) of the phenol was obtained 8.8 g. (48%) of the 5,7- 
dichloro-2-methylcoumaran, b.p. 81° at 0.7 MMe ie 1.5640. 
Cale. for CgoHglCls0: C, 53.25; H, 3.97; Cl, 34.92. 

mound: (€, See; Hy 4.08; (Cb, So.ce. 


0, 7-Dibromo-2-methylcoumaran 


This compound was prepared by the above procedure. From 
20.5 g. (0.07 mole) of 2-allyl-4,6-dibromophenol was obtained 14 g. 
(68%) of 5,7-dibromo-2-methylcoumaran, b.p. 90° at 0.3 mm.; lit. 
bep. 129-134° at 1.0 mm. (45). 


7-Bromo-9d-chloro-2-methylcoumaran 


This compound was prepared from 2-allyl-6-bromo-4-chlorophenol 
by the procedure described above. From 33 g. (0.13 mole) of the 


phenol was obtained 24 g. (73%) of 7-bromo-5-chloro-2-methyl- 
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a) 25 
coumaran, bep. 95° at 0.9 mm.. ag al 


Cale. for CgHpBrCl0: C, 43.67; H, 3.26; Br, 32.29; Cl, 14.32. 


= (=v, 
3 DOV 6 


Found: C, 45.71; H, 3.22; Br, 32.17; Cl, 14.53. 


o-Bromo-7-chloro-2-methylcoumaran 


This compound was prepared by an analogous procedure to 
that described above. From 37 g. (0.15 mole) of 2-allyl-4-bromo- 
6-chlorophenol was obtained 27 2g. (73%) of 5-bromo-7-chloro-2- 
methylcoumaran, b.p. 99° at 0.8 m.. re 1.58636 
Cale. for CgHgBr0l10: C, 45.67; H, 5.26; Br, 52.29; Cl, 14.52. 
Hound:= ©, 46.473 Hy, oeovs Br, Se.0ls Cl, 14.42. 


The Claisen Rearrangement of Allyl 2,6-Dihalophenyl Ethers under 


Various Conditions 


Thermal Rearrangement of Pure Allyl 2,6-Dichlorophenyl #ther 
A sample of allyl 2,6-dichlorophenyl ether (30 g., 0.15 


mole) was heated with stirring, under an atmosphere of purified 
nitrogen to 193-200° and kept at this temperature for 90 minutes. 
The cooled material was analyzed directly by vep.c.e The results 
are shown in Expt. No. 1, Table II, page 72, and in Expt. No. 4, 


Table III, page 80. 


Thermal Rearrangement of Allyl 2,6-Dichlorophenyl Ether in 


Various Solvents. General Procedure. 

Dried and redistilled solvent (50 ml.) was stirred and heated, 
under an atmosphere of purified dry nitrogen, to the desired temp- 
ature for rearrangement, and then allyl 2,6-dichlorophenyl ether 


(10 g., 0.05 mole) was slowly added over a period of approximately 
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30 minutes. The resulting solution was heated for the time 
required for complete reaction of the original ether, cooled, 

and analyzed directly for products by v.p.c. by injecting aliquots 
of the total reaction mixture into the Kromo-Tog. The results 

are recorded in Table II, page 72, Table III, page 80, and in 
Table V, Section B, page 935. 


Rearrangement of Allyl 2,6-Dichlorophenyl Ether in the Presence 
of Lithium Chloride 


Anhydrous powdered lithium chloride (9.3 g., 0.2 mole) was 
stirred into dried, redistilled nitrobenzene (82 g., 0.67 mole) 
and the resulting mixture was heated, under an atmosphere of 
purified dry nitrogen, to 180-185. Not all of the lithium 
chloride dissolved. After slow addition of allyl 2,6=dichloroe 
phenyl ether (20 g., 0.1 mole), the mixture was heated at 180- 
185° for 3 hours. The cooled material was poured into a mixture 
of ether and water (1:1). After filtration, the ether layer was 
separated, washed twice with saturated salt solution, and dried 
Over anhydrous sodium sulphate. Removal of the ether gave the 
mixture of reaction products and solvent, which was analyzed 
directly by vep.c.. The results are shown in Expt. Nos. 3 and 


5, Table II, page 72, and in Expt. No. 9, Table III, page 80. 


Rearrangement of Allyl 2,6-Dichlorophenyl Ether in the Presence 


of Stannous Chloride 
(a) Anhydrous powdered stannous chloride (9.5 g., 0.05 mole) 
was stirred into 50 ml. of dried, redistilled o-dichlorobenzene. 


After the mixture (a considerable portion of the stannous chloride 
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remained undissolved) had been heated to 150-155 ° under an atmos-~ 
phere of purified, dry nitrogen, allyl 2,6-dichlorophenyl ether 
(10 g., 0.05 mole) was slowly added. The reactants were then 
heated at 150-155° for 24 hours, cooled, and poured into a mixture 
of water and ether (1:1). The resulting mixture was filtered 

and the layers were separated. The ether layer was washed 

Several times with water and dried over anhydrous sodium sulphate. 
Removal of the ether afforded the mixture of reaction products 

and solvent, which was analyzed directly by v.p.c.. The results 
are recorded in Table V, Section A, page 93. 

(b) Procedure (a) was repeated, employing 1.25 g. (0.006 mole) 
of allyl 2,6-dichlorophenyl ether and 2.5 g. (0.012 mole) of 
stannous chloride in 125 ml. of dried redistilled o-dichloro- 
benzene. Nearly all of the stannous chloride dissolved. After 
treatment of the cooled reaction mixture as described above, 50 
ml, of o-dichlorobenzene was removed by careful fractional dis- 
tillation under reduced pressure. The distillate was shown by 
Vepec. to be pure solvent, containing no phenolic products. ‘The 
residual solution was analyzed by v.p.c. and the results recorded 


in Table V, Section C, page 95. 


The Zinc Chloride-Catalyzed Rearrangement of Allyl 2,6-Dichloro= 


phenyl uther., General Procedure. 
Anhydrous powdered zine chloride (41 g., 0.3 mole) was 


stirred into 150 ml. of dry ether. While the mixture was gently 
heated to permit evaporation of the ether, dried and redistilled 


nitrobenzene (123 g., 1 mole) was slowly added, After the result- 
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ing mixture (not all of the zine chloride dissolved) had been 
heated to the desired temperature for the rearrangement, allyl 
2,6-dichlorophenyl ether (30 g., 0.15 mole) was slowly added. 

The mixture was then stirred and heated under an atmosphere of 
purified, dry nitrogen for the specified time. The cooled 
material was poured into a mixture of water and ether (1:1). 
After filtration, the ether layer was separated, washed several 
times with saturated salt solution, and then dried over anhydrous 
sodium sulphate. Removal of the ether gave a mixture of reaction 
products and solvent, which was analyzed directly by vep.c.e. ‘The 


results are summarized in Table I, page 67. 


The Zinc Chloride-Catalyzed Rearrangement of Allyl 2,6-Dibromo-~ 


phenyl Ether, General Procedure, 
Anhydrous powdered zine chloride (14 g., 0.1 mole) was 


stirred into 50 ml. of dry ether. The mixture was gently heated 
to permit evaporation of the ether while dried, redistilled 
nitrobenzene (41 g., 0.535 mole) was slowly added. The resulting 
mixture was then heated to the desired rearrangement temperature. 
Not all of the zine chloride dissolved. After slow addition of 
allyl 2,6-dibromophenyl ether (14.6 g., 0.05 mole), the reaction 
mixture was stirred and heated under an atmosphere of purified 
dry nitrogen for the specified time. The cooled material was 
treated as described above for the Zinc chloride-allyl 2,6= 
dichlorophenyl ether reaction, and product analysis was carried 
out directly by v.p.c.. The results are shown in Table VII, 


page 105. 
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The Zine Bromide-Catalyzed Rearrangement of Allyl 2,6=-Dichloro- 


phenyl Ether. General Procedure, 
Anhydrous powdered zinc bromide (22.5 g., 0.1 mole) was 


stirred into 50 ml. of dry ether. While the mixture was gently 
heated to permit evaporation of the ether, dried and redistilled 
nitrobenzene (41 g., 0.53 mole) was slowly added. After the 
resulting mixture (not all of the zine bromide dissolved) had 
been heated to the desired temperature for rearrangment, allyl 
2,6-dichlorophenyl ether (10 g., 0.05 mole) was added slowly. 
The reaction mixture was then stirred and neato: under an 
atmosphere of purified, dry nitrogen for the specified time. 
After treatment of the cooled material as described above, pro- 
duct analysis was carried out directly by v.ep.c.. The results 


are recorded in Table VI, page 104. 


Stability Tests on Products Under HKeaction Conditions 


A study was made to determine whether the products obtained 
in our reactions were stable under the reaction conditions. In 
all cases, by using an internal standard in v.p.c. analyses, the 
products from our reactions were shown, within experimental error, 
to be stable under the reaction conditions employed, However, in 
the case of the metal halide-catalyzed reactions, the 2-allylphenols 
were converted in part, or completely, to the corresponding stable 
2-methylcoumarans and to no other product. In the case of the 
Zine halide-catalyzed reactions, the products were subjected to 
the most strenuous reaction conditions employed. 

The procedure used throughout this study can be illustrated 


by the following example, which concerns the products obtained 
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from the thermal rearrangement of allyl 2,6-dichlorophenyl ether 
in nitrobenzene solution. 

A mixture of 0.972 g. of 2-allyl-6-chlorophenol (A), 0.480 g. 
of 2-allyl-4,6-dichlorophenol (B) and 1.05 g. of 4-allyl-2,6- 
dichlorophenol (C) was heated in 25 ml. of nitrobenzene at 180- 
185° for 4 hours. To the cooled solution was added 0.988 ge. of 
n-tetradecane (S) as internal standard, and the resulting solution 
was then Bede ed by VePeCee From the v.p.c, chromatogram were 
obtained the ratios of the peak area of the internal standard to 
that of each of the products, as follows, 


Peak area of § 


Peak area oO = 1.25 


Peak area of §S 


Peak area of B = 5.02 


Peak area of S 
Peak area of C 


= 1.45 
An authentic mixture of nearly the same composition as the 
product mixture above was then prepared, as indicated below, 


Wt. of 2-allyl-6-chlorophenol 


0.194 g. (A) 
0.092 2. (B) 


\ 


Wt. of 2-allyl-4,6-dichlorophenol 


Wt. of 4-allyl-2,6-dichlorophenol 0.194 g. (C) 


Wt. of n-tetradecane 0.188 g. (8) 


II 


Analysis of this mixture by v.p.c. gave the following peak area 
ratios. 


Peak area of §S 


Peak area of A = 1.16 


Peak area of § 


Peak area of B = 3.15 


Peak area of § 


Peak area or G = 1.45 


in 


o 
evi ve 


+2 088.0 ta) | Lonedqorto Li onda fy thas t6 a | sre.0 ntti z nd 
| . ~$ &-Iviis-) to. 60 bas (ay ae # ; 

OBL 8 Shas! nedowdin to «Lm BS uit _hegnanteaw(O) te 

| nm gee. 0 bebbe esw motduton be Love oud oT pase 7 eal 

“potdiies ealsivees: of id pas btw bande fantetat as (a) pier to | 

. A eTow matposano ido oOsGa¥ edd move +e Oete'¥ Ae bosvtaae asia ae 

od Brshbaate Iencetat eft to sets aAseg els ‘To ectite# ent  bentase 


uwolfot es. etoubortg edd to ose to ante 


| “ru 
4 se. ~ ~ @ to sexs Aped . 
- a earn Ato seis anot 


og - Pe, a 


te | Ties ee & to Sota ae0eF 


| ) BU6G @ 1 fo hota Aset lee 
; t,t 
| ah. f = & to Bote Heed pire 
. gd oki 0 “pe ie xeeF S 


f 
‘a al 
. eit ae aoltleoqmoo eman sit yiteen to omwsxim olsnedtue. ak : 


| sWoled hetsotbat ea be toqe xy rand esaw evods ouioata 9 oubotg 
- e ae vo _ 
| (A) sa 2@L.0 = Lone digo toLie~2- Sy L948 Xe aw 


(i) «4 820.0 + ee 8 (eoTy Lina’ ; oie Mie 
(Dy) ts 20L.0'= toxdiizoroLiotbad  Saiytten ieoma 
(2) .9 66L,0 = onscobetiedan % swe 
aote aeeqy satwollot eff evag ses gsy yd outa tn etd to slay ten 
| F : 


7 an my 
.* Pons 


- 157A - 


The corresponding weight ratios in the authentic mixture are as 


follows. Wt. of S 
Wt. o = 0.97 
Wt s of S 
We. of B = 2-04 
Wt, of $ 
We. of GC = 0297 


The absolute weights of the products in the original reaction 


mixture were calculated as follows, 


Wt. ratio of S/A in reaction mixture _ 0+97X1.°5 -1,03 


1.16 
Wt. of 2-allyl-6-chloropnenol (a) — 0+988 = 0.96 gz 
Wt. ratio of S/B in reaction mixture = 2.04X3.02 _1,96 


5.15 


Wt. of 2-allyl-4,6-dichlorophenol (B) = oa = 0.50 g. 


Wt. ratio of S/C in reaction mixture = 0-97X1.45 - 0,97 


1.495 


Wt. of 4-allyl-2,6-dichlorophenol (C) = oe = 1.02 g. 


Within experimental error, these calculated weights agree 


with those originally put in the reaction mixture, 
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